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Abstract
The general purpose of this Ph.D. study was to develop plasmonic chiral
metamaterials for biomolecule sensing based on circular dichroism spec-
troscopy.
Planar chiral metamaterials were fabricated to reproduce and improve
upon previously reported sensing results [1]. Large-scale fabrication has
been shown to produce heterogeneous samples due to drifting stigma in
the e-beam lithography system. However, the many substructures resulted
in many plasmonic resonance wavelengths, which were observed to yield a
much more detailed protein fingerprint.
As e-beam lithography is inherently expensive, time-consuming and dif-
ficult, different approaches to develop other metamaterial fabrication meth-
ods were investigated. One such approach used polystyrene nanospheres
arranged in self-assembled closely packed monolayers as nanolenses for UV
lithography, glancing angle deposition and masks for selective etching in
films or selective nanoparticle deposition. However, the formation of perfect
closely packed monolayers proved difficult and the subsequent metamateri-
als hence contained many defects.
Instead, another high-throughput fabrication route was developed that
produced extrinsic chiral metamaterials by a combination of anodic oxidation
of aluminium, thermal nanoimprint and glancing angle deposition. These
structures showed significant improvements compared to intrinsic chiral meta-
materials, regarding chiroptical intensity, sensing reliability, ease of acquiring
a protein fingerprint, fabrication through-put and production cost.
To verify a previous hypothesis that chiral metamaterials yield a distinct
fingerprint for proteins that forms amyloid fibers [1], a peptide was designed
and investigated by computational means. This peptide was used to probe
the sensing abilities of the fabricated metamaterials towards amyloid fibers as
proof of concept. The peptide was also experimentally studied and observed
to form fibers that entangle into solid spheres. However, the fibers entangle-
ment counteracted the uniqueness of amyloids in this regard. In addition,
the peptide concentration, at which free fibers were formed, was too diluted
to be measurable.
v
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Resumé
Det overordnede formål med dette Ph.D. studie var at udvikle plasmoniske
kirale metamaterialer til biomolekyle detektion baseret på cirkulær dikroisme
spektroskopi.
Plane kirale metamaterialer blev fremstillet for at replikere og forbedre
tidligere reporterede detektionsresultater [1]. Fabrikation på en stor størrelse
har vist sig at producere heterogene prøver på grund af drivende stigma i
e-stråle litografi systemet. Imidlertid resulterede de mange substrukturer i
mange plasmoniske resonans bølgelængder, som førte til et mere detaljeret
protein fingeraftryk.
Eftersom e-stråle litografi i sin natur er dyrt, tidskrævende og besværligt,
blev forskellige tilgange til at udvikle andre metamateriale fabrikationsme-
toder undersøgt. Sådan en tilgang anvendte polystyrene nanokugler, der
var arrangeret i selv-samlende tætpakkede monolag som nanolinser til UV
litografi, strejfende vinkel deponering og masker til selektivt ætsning i film
eller selektivt nanopartikel deponering. Dog viste det sig at være svært at
danne perfekte tætpakkede monolag og de resulterende metamaterialer in-
deholder derfor mange fejl.
I stedet for blev en anden hurtig-produktions rute udviklet, der produc-
erede udefra virkende kirale metamaterialer ved en kombination af anodisk
oxidering af aluminium, termisk nanoaftrykning og strejfende vinkel de-
ponering. Disse strukturer udviste signifikante forbedringer i forhold til
indefra virkende kirale metamaterialer med hensyn til kiroptisk intensitet,
detektions pålidelighed, lethed af at opnå protein fingeraftrykket, fabrika-
tionshastigheden og fabrikationsprisen.
For at verificere en tidligere hypotese om at kirale metamaterialer giver
et tydeligt fingeraftryk for proteiner, der danner amyloid fibre [1], blev et
peptide designet og undersøgt via computermidler. Dette peptide blev brugt
til at undersøge detektions sensitiviteten af de fremstillede metamaterialer
overfor amyloid fibre som et bevis for konceptet. Endvidere blev peptidet
også eksperimentelt studeret og det blev observeret, at det danner fibre, der
krøller sig sammen til solide kugler. Dog modvirker denne fibersammenkrøl-
ning det unikke ved amyloids i denne sammenhæng. Desuden var den pep-
tide koncentration, hvor frie fibre blev dannet, for fortyndet til at kunne blive
målt.
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Preface
This thesis summarizes the main results achieved during my time as a Ph.D.
student at the Department of Physics and Nanotechnology, Aalborg Univer-
sity, from December 2011 to June 2016 under the supervision of Associate
Professor Peter Fojan. My main work during the Ph.D. study has been fo-
cused on plasmonic metamaterial fabrication for biomolecule sensing based
on circular dichroism spectroscopy. As a model system for detection analyte,
a peptide that self-assembles into amyloid fibers was developed and investi-
gated experimentally and by computational means.
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Chapter 1
Introduction
The development of modern technology is often inspired by phenomena oc-
curring in nature that are governed by classical physics. Examples include
the invention of self-cleaning surfaces by using the lotus effect inspired by
the lotus plant leaf [3] or the water distilling membranes utilizing the protein,
aquaporin [4], which allows water to pass through otherwise impenetrable
cell walls in nature.
However, some materials are developed with properties that do not exist
in nature. These materials are known as metamaterials and at times dis-
play characteristics that may seem supernatural as they contravene intuitive
physical laws. Their applications are numerous and are relevant to many
disciplines. For instance in the field of optics, metamaterials enable the fab-
rication of superlenses [5–7], invisibility cloaking devices [8] and lossless
waveguide benders [9]. Other applications include the creation of artificial
magnetism [10], more efficient solar cells [11], THz generation and THz op-
tical components [12], beam broadband to create internet everywhere [13]
and more advanced antennas such as wi-fi transmitters and receivers on
a single chip at low cost that allows for integrating internet connection in
more products [14]. In biotechnology, metamaterials show promise as en-
hancing contrast agents in photoacoustic tomography [15], spectroscopic la-
bels or probes [16], sensors with unprecedented sensitivity [1] able to de-
tect even single molecules [17], as well as surface enhancement of Raman
spectroscopy [18], drug delivery vehicles [19] and photothermal therapy for
cancer [20]. Many of these applications are only possible as a result of the
unique properties of the metamaterials, others are significant improvements
compared to alternative applications based on traditional materials. Conse-
quently, the design of metamaterials and their properties have attracted an
increased amount of interest [21].
The properties of metamaterials originate from the constituting substruc-
3
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tures being smaller than the operating wavelength, shape, composition and
arrangement [22]. The metamaterial substructures are often composed of no-
ble metals with various structures arranged in periodically ordered arrays
and long-range order is typically required. This yields a non-intuitive re-
sponse from the interaction with electromagnetic waves having a comparable
or smaller wavelength.
Standard fabrication techniques of metamaterials with substructures on
the nanoscale are "top-down" approaches such as electron beam lithogra-
phy (EBL) or focused ion beam (FIB) milling. These methods are inherently
expensive and time-consuming, and hence concepts such as an invisibility
cloak are often demonstrated with operating wavelengths in the microwave
range [8]. However, the applications of metamaterials typically require op-
erating wavelengths in the infrared (IR) or visible range. For this reason,
metamaterials have so far been largely limited to academic research, rather
than being integrated as an active part in consumer devices. To address
this obstacle, new fabrication approaches utilizing "bottom-up" self-assembly
have been attempted with different degrees of success [23–26].
This work is based on the previously demonstrated sensor applications of
chiral metamaterials for use in circular dichroism (CD) spectroscopy [1]. CD
spectroscopy is a powerful tool for the analysis of chiral molecules, which
comprise most of the building-blocks in life such as proteins and DNA. It
measures the small differences in the absorption of left- and right-circular po-
larized light to yield information about the structure of the analyte. However,
the measurements require relatively high amounts of analyte in the micro-
gram level, which is not sensible for sensor applications or medical applica-
tions [1, 27]. Compared to traditional CD spectroscopy of organic molecules,
metamaterial based CD spectroscopy yields a very high response [1]. Typi-
cally, billions of molecules are needed to observe a CD response with tradi-
tional CD spectroscopy, but in this work 1.5 million PCM substructures were
sufficient to acquire a measurable response. This large difference is related to
the optical excitation of localized surface plasmons that greatly enhance the
CD response at the localized surface plasmon resonance (LSPR) wavelengths.
As the metamaterial geometry is chiral, the enhancement of the electric field
is also chiral, which is termed superchiral fields [1]. Opposed to traditional
CD spectroscopy where the measurements are directly related to the analyte,
metamaterial based CD spectroscopy measures the small changes in the CD
response from the metamaterials upon adsorption of an analyte of interest.
These changes are induced because the LSPR wavelengths are sensitive to
the dielectric environment of the near metamaterial surface, enabling the de-
tection in the picogram range [1, 27]. When the analyte is adsorbed in an
anisotropic way the coupling between the superchiral field and the adsorbed
molecules is very large, resulting in a dissymetry factor. The dissymetry
factor of many LSPR modes has been observed to be a fingerprint of the
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adsorbed protein, enabling the identification of proteins based on their sec-
ondary structure [1].
This work has attempted both to replicate and improve upon the PCM
subunit structure of the previously reported sensor system [1] in regard to an
enhanced CD response, fabrication throughput and experimental reliability.
Similar PCM subunit structures were fabricated with EBL and the sensing
capabilities were tested with a variety of proteins.
In an attempt to fabricate PCMs in a high-throughput way, closely packed
monolayers of polystyrene (PS) nanospheres (NS) were used as nanolenses in
a UV-lithography process. These closely packed PS NS were also used as a
mask for gold nanoparticle deposition in attempts to avoid expensive e-beam
evaporation techniques. Furthermore, the hole arrays, fabricated in the PS
NS UV lithography process, were used as a mask to etch subwavelength hole
arrays in gold films. Such hole arrays have recently been demonstrated to
function as extrinsic chiral metamaterials (ECMs) meaning that the subunits
are not chiral, but exhibit a CD response when the sample is tilted relative
to the normal angle of incidence [28]. Compared to PCMs, ECMs exhibit a
huge CD response and are also less sensitive to structural defects [28].
Very few different ECMs have so far been reported and including theoret-
ical suggestions only comprise hole arrays [28–30], U-shaped arrays [31, 32],
split ring arrays [31], plasma sphere arrays [33], gold dot arrays [34], gold
square arrays [35], metal disk arrays [36], two layer hole arrays [37], PS NS
templates for gold deposition [38] and structures formed by carbon nan-
otubes [39]. Very few of these structures are produced by high-throughput
techniques. However, based on three large-scale methods, anodic oxidation
of aluminum, thermal nanoimprint and glancing angle deposition, a variety
of new ECMs were fabricated in this work. The structures achieved through
anodic oxidation of aluminium and thermal nanoimprint have previously
been reported with respect to improving the efficiency of solar cells [40, 41].
Furthermore, nanoimprint has also previously been used for fabrication of
larger U-shaped ECM substructures [32]. In general, nanoimprint is gaining
interest due to the simplicity, low-cost, and high-throughput compared to
other "top-down" nanofabrication approaches [42]. The lowest reported fea-
ture sizes are in the sub 50 nm range [43, 44], which does not quite compare
to those obtained by EBL, FIB methods or extreme UV lithography. However,
the aforementioned advantages render nanoimprint applicable for the com-
mercial fabrication of many different devices. Hence nanoimprint is an ideal
method for ECM fabrication.
One of the biological phenomena that ECM based CD spectroscopy is par-
ticularly suitable for is the study of self-assembled peptide structures. While
CD spectroscopy is a powerful tool to study self-assembly, traditional CD
spectroscopy requires a high peptide concentration [27], particularly when
supramolecular structures are formed. Hence it is inherently difficult to
5
Chapter 1. Introduction
study peptide structures that exist at low concentration or when diluting
below the critical self-assembly concentration. Such an example could be
the detection of peptides or proteins related to amyloid diseases that typi-
cally exist at very low global concentrations and cannot be diagnosed by cir-
cumstantial evidence [45, 46]. Therefore it is difficult to treat many amyloid
diseases, even though type-specific therapies are available, as the diagnosis
requires direct study of the related protein which can be very difficult [45–47].
However, it has been postulated that the unique secondary and supramolec-
ular structure of amyloids yields a specific protein fingerprint when probed
by chiral metamaterial CD spectroscopy, enabling a very sensitive diagnosis
method [1].
To probe this hypothesis, an amyloid model system was developed by vir-
tually screening some short peptides for their propensity to self-assemble into
amyloid fibers. One peptide, RFFFR, showed more potential than the oth-
ers and was designed and inspired by the LVFFA motif from the β-amyloid
peptide that plays a crucial role in Alzheimers disease [48]. Other peptides
inspired by LVFFA include FF [49, 50] and FFF [51, 52] but these do not form
amyloid like structures. However, the arginine residues in RFFFR restrict the
interactions of peptides to one direction, enforcing a fiber formation with an
amyloid structure. The self-assembly of the RFFFR peptide was investigated
by computational means at different levels. Coarse-grained molecular dy-
namics simulations enabled very long timescales to monitor the self-assembly
process. To achieve more detailed information, these coarse-grained simula-
tions were then converted into full atomistic detail and used for atomistic
molecular dynamics simulations. The results and the overall stability of the
self-assembly were then verified by semi-empirical quantum mechanical cal-
culations.
The self-assembly process was also investigated with different biophys-
ical methods such as spectroscopy, atomic force microscopy and scanning
electron microscopy. These measurements indicated a good agreement be-
tween the simulations and the empirically determined results. However, it
was also observed that the peptides not only form 1-dimensional fibers as
predicted by the simulations, but form more complex 3-dimensional fiber en-
tangled structures in solution instead. RFFFR peptide structures were then
used as a model amyloid system to probe the applicability of the fabricated
ECM structures as a detection system of amyloid related diseases.
6
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Planar Chiral Metamaterials
Chirality was first observed by Louis Pasteur in 1848 [53] and later defined by
Lord Kelvin [54]. Today, it is known that chirality is a major part of chemistry
and biology. The spectroscopic tools available to study chiral structures pri-
marily constitute CD spectroscopy variants such as standard UV/visible/IR
CD [27], fluorescence detected CD [55] and vibrational CD [56] spectroscopy
as well as optical rotatory dispersion [57]. These methods are important as
two isomers have the same chemical structure but can exhibit significantly
different biological properties regarding pharmacology, toxicology, pharma-
cokinetics and metabolism [58]. Furthermore, the measurements yield struc-
tural information such as the secondary or tertiary structure of proteins that
are applicable in many different studies. However, the applications of CD
spectroscopy are limited by a poor concentration sensitivity and the lowest
amount of probable analyte is in the microgram range [1, 27].
Inorganic chiral materials, such as planar chiral metamaterials (PCMs),
have demonstrated larger chiroptical responses compared to biomolecules
[1]. PCMs consist of subwavelength metallic structures, arranged in a peri-
odic order that cannot be brought into congruence with their mirror image
(the enantiomer) unless lifted off the substrate. Thus these structures ab-
sorb right and left circular polarized light differently, which gives rise to a
CD response. Though the generation of unusually large CD responses from
PCMs has been known for a long time [59], the origin was first suggested
later [60]. When probed, optical excitation of PCMs generates a collective
oscillation of the conduction electrons in the metal surface. This oscillation
of electrons at the surface is also known as localized surface plasmons. At
certain wavelengths the coupling between photons and the conduction elec-
trons at the interface is particularly strong (the LSPR wavelengths), yielding
an enhanced CD response and electric field at these wavelengths. However,
since PCM substructures are chiral, the enhancement of electric fields is also
7
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chiral, a phenomena termed superchiral fields [1, 60]. Later the application of
superchiral fields for biosensing was demonstrated to increase the sensitiv-
ity of CD spectroscopy to render detection of biomolecules in the picogram
quantity possible [1].
When biomolecules are adsorbed on the surface of PCMs, it causes a shift
in LSPR wavelength as it induces a change in the dielectric environment
near the surface of the PCM structures. It has been observed that differ-
ent proteins induce different shifts and the plasmonic resonance modes are
not equally sensitive towards changes in the dielectric environment [1]. Fur-
thermore, the enantiomeric structures result in the same LSPR wavelengths
but the handedness governs whether right or left circular polarized light is
absorbed more. Hence the CD response of enantiomeric PCMs will be mirror
images. The mirror image modes located at the same LSPR wavelengths are
not always similarly affected by a change in dielectric constant, resulting in
different degrees of wavelength shifts. This difference is parameterized as
the dissymmetry factor: 44λ = 4λrighthanded −4λle f thanded. The dissym-
metry factor of more modes thus yields a protein fingerprint that is sensitive
towards the protein secondary structure. Proteins having a 44λ 6= 0 are
adsorbed as an anisotropic layer on the PCM surface and are mainly β-sheet
rich proteins, while α-helix rich proteins adsorb as an isotropic layer and have
a 44λ = 0 [1]. For this reason, PCM based CD spectroscopy only yields a
fingerprint of β-sheet rich proteins.
Today, a large variety of PCMs have been reported [1, 59, 61–64]. Yet the
number of papers to actually demonstrate sensing of any molecules using
chiral metamaterials, and not just PCMs, is very small [1, 65] and most pa-
pers only suggest that their chiral metamaterials are applicable for sensing of
biomolecules. While this is true for chiral metamaterials, sensing by metama-
terials using plasmonic resonance shifts is generally well studied [17, 66–69].
The advantage of PCMs over traditional metamaterial sensing is that the pro-
tein fingerprint is obtained and that the sensing is by label free means. Hence
a biomolecule can be recognized and studied in a more natural state after
which the PCM sample can be reused many times. Traditional metamaterial
sensing generally requires functionalization of the surface. Otherwise, it is
impossible to differentiate adsorbed molecules based on similar plasmonic
resonance shifts. For these reasons, efforts to replicate the reported PCM
sensing results [1] were attempted in this work with the goal of optimizing
the sensing capabilities.
In general, the fabrication of metamaterials with LSPR in the visible to
near-IR wavelength area is inherently difficult and requires advanced tech-
niques such as electron beam lithography (EBL) or focused ion beam (FIB)
milling/deposition/lithography. The relation between the metamaterial struc-
ture and the resulting LSPR wavelengths is not intuitive as it depends on
the size, shape, composition and local environment of the metamaterial sur-
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face [22]. For biosensing applications, gold (Au) is the most common ma-
terial even though silver and aluminium generally yield lower LSPR wave-
lengths [70, 71], but the Au surface does not oxidize and for this reason
no dampening effect of the LSPR is observed over time [72]. The relation
between the smallest structural feature and resulting LSPR wavelength has
been studied for some structures [71, 73]. From these studies it is observed
that structures having a 60 nm feature or smaller have major LSPR within
the 350-900 nm wavelength range [71, 73], used for obtaining a protein fin-
gerprint by CD spectroscopy [1]. However, gammadions that have a feature
size as large as 80 nm have previously been reported to demonstrate a strong
chiroptical response in the 350-900 nm wavelength range [1]. From the list
of reported Au structures and their resulting CD response wavelength range
in Table 2.1, it is estimated that the largest feature size that will result in an
applicable CD response is approximately 100 nm.
Table 2.1: List of reported Au metamaterial structure and the resulting CD response range.
Metamaterial structure Smallest feature Unit cell CD response range Source
Arranged nanoparticles 20-80 nm - Visible [74]
Gammadion 80 nm 400 nm Visible-near IR [1]
Sawtooth gratings 110 nm 450 nm Visible-near IR [75]
Trisceli structure 60 nm 400 near IR [76]
3D spiral 300-500 nm 2000 nm Mid IR [77]
Such high resolution is slightly outside of the achievable resolution of
direct-laser writing and requires EBL or FIB methods, which are routine top-
down fabrication techniques for metamaterials. While EBL and FIB methods
can produce isolation features and a half-pitch as low as 2 and 5 nm, respec-
tively [78, 79]. Extreme UV lithography can produce a high resolution with
a half-pitch of 18 nm [80], but is much more expensive and not sensible for
prototype development of metamaterials. The major disadvantage of EBL
and FIB methods is the low throughput due to the time required for resist
exposure/milling/deposition, stage movement and beam settling. The typi-
cal reported area of metamaterials is in the mm2 range (Table 2.2). However,
these areas are still sufficient to produce a significant CD response [1] and
hence this work has attempted to fabricate gammadions and other structures
with features suitable for generation of LSPR in the visible wavelength range
by EBL.
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Table 2.2: List of reported metamaterials areas fabricated by EBL or FIB.
Metamaterial structure Area Technique Source
Hole array 5× 5 mm2 EBL [81]
Gammadion 5× 5 mm2 EBL [1]
Gammadion 400× 400 µm2 EBL [82]
Rectangles 400× 400 µm2 FIB [35]
Hole array 200× 200 µm2 FIB [30]
Hole array 200× 200 µm2 FIB [28]
VU shape 90× 90 µm2 EBL [83]
Groovy lines 70× 70 µm2 EBL [83]
1 PCM Fabrication by E-beam Lithography
The gammadion is one of the simplest chiral patterns and was also used in
the first paper to report of biosensing based on PCMs [1]. For these reasons,
it was chosen as the first structure to be fabricated by EBL in this work. Ini-
tially, different sized structures were fabricated with success. Structures as
small as 1000 nm were fabricated without any defects (Figure 2.1a). How-
ever, smaller structures were required to yield plasmonic resonance in the
visible and near-UV wavelength range (Table 2.1). Structures with features
similar to the reported gammadions [1] were fabricated with a size of 400 nm
(Figure 2.2). At this size, the quality of the structures depends on all factors
in the fabrication process but most heavily on exposure dose, stigmatism,
focus, development method and calibration of the sample tilt. After much
optimization of all steps, structures slightly better than those previously re-
ported [1] were achieved (Figure 2.1b). Still, some proximity effect problems
in corners and some stigma errors are observed. Furthermore, even small
differences in equipment calibrations were sufficient to create very different
results in structure quality, meaning that the structures could not be reliably
reproduced from sample to sample. Hence a large amount of time was spent
on preparing for the fabrication of very expensive samples with structures
covering large areas, required when measuring a CD response.
The fabrication of samples with structures covering 1× 1mm2, required
12 hours of writing in the EBL system. During this time, the stigma would
drift significantly, resulting in initially good quality structures (Figure 2.3a)
but deformed structures by the end of the writing process (Figure 2.3b). As
this was a gradual drift, many structures in between these two extremes were
observed on the same sample. To solve the problem, the division of the writ-
ing process into small sessions and performing calibrations in between each
session was considered. However, this would require an extreme amount of
continuous work, which was not feasible for one person. Furthermore, breaks
10
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1000 nm
(a) (b)
Figure 2.1: SEM pictures of gold PCM gammadions in different sizes, fabricated on indium tin
oxide coated quartz by EBL. The contrast difference is caused by a differencet structure height.
(a)1000 nm gammadions, showing no stigma problems. (b) 400 nm gammadions, showing some
stigma problems and proximity effects.
80 nm
80 nm
400 nm
Figure 2.2: The model after which the gammadion in Figure 2.1b was exposed in the EBL process.
would require realignment, which was determined to be impossible. Another
solution was attempted by using the proximity effect of underexposed lines
that would only be sufficiently exposed when having two neighbour lines.
Through careful optimization, very fine gammadions with features as small
as 31 nm were fabricated (Figure 2.4a). Further optimization would be able
to remove the defects observed in the corners by adding or removing lines
in underexposed or overexposed areas, respectively. However, the time re-
quired for exposure also increased dramatically, rendering the fabrication of
large areas infeasible.
Later, a script that performs an auto-stigma adjustment with different
time intervals was tested. This script eliminated any problems with drifting
stigma (Figure 2.4b), enabling very long writing periods. However, several
large-scale fabrication techniques were being developed (to be described later
in this work) before the auto-stigma adjustment script was tested. Hence it
was decided not to attempt further fabrication of PCMs by EBL during this
work.
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1200 nm
(a)
400 nm
(b)
Figure 2.3: SEM pictures of the sample with a large area of fabricated PCM gammadions on
indium tin oxide coated quartz by EBL with a height of 50 nm. The EBL of large areas had trouble
with drifting stigma. Hence the gammadions were gradually deformed. (a) The gammadions
in the beginning of the EBL. (b) The most deformed gammadions, resulting in a N-shaped PCM
structure. Different structures in between the two extremes were present on the sample sample.
200 nm
Width: 31 nm
(a)
400 nm
(b)
Figure 2.4: SEM pictures of gold gammadions fabricated by EBL showing little to no stigma
problems. (a) A gammadion structure that was fabricated by use of the proximity effect of
neighbouring lines. The exposure dose was optimized so a single or double line would not
be developed, but only lines with two neighbouring lines. Hence, very fine features could be
created at the expense of writing time. (b) Gammadions that were created without manual
stigma calibration, but with an automated calibration script, eliminate stigma drifting.
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2 Chiral Molecule Sensing
The most successfully fabricated sample with a large area of structures, was
the sample described above with many different substructures on the same
sample and is depicted in Figure 2.3. This PCM sample exhibits a large
amount of LSPRs when probed by CD spectroscopy (Figure 2.5a). Gener-
ally, when compared to other chiral metamaterials, and not just PCMs, the
amount of resonance modes is very large (Table 2.3). This is likely explained
Table 2.3: Table of reported chiral metamaterials and the resulting amount of LSPR observed
when probed by CD spectroscopy.
Metamaterial structure # of modes Source
This work 8 Figure 2.5a
Chiral shell like structures 7 [84]
Gammadion 4 [1]
Chiral hole array 3 [85]
Triangle oligomers in spiral-like shapes 3 [86]
Dual layered gammadion 2 [61]
DNA scaffold nanoparticle ornamentions 2 [74]
Nanorods with collective chiral geometry 1 [87]
3D spirals and rods 1 [88]
by the many different substructures on the same sample. In spite of this, the
observed LSPRs are predominantly very narrow. Hence the current PCMs
could yield an improved protein fingerprint, as more LSPRs yield more in-
formation to identify the protein on.
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Figure 2.5: The resulting CD response from the fabricated large area PCM sample depicted in
Figure 2.3, with different proteins, tryptophan, Tris buffer and air molecules adsorbed on the
PCM surface. (a) The whole recorded CD wavelength spectrum. (b) Plasmonic resonance mode
*1. (c) Plasmonic resonance mode *2. (d) Plasmonic resonance mode *3. (e) Plasmonic resonance
mode *4. (f) Plasmonic resonance mode *5. (g) Plasmonic resonance mode *6. (h) Plasmonic
resonance mode *7.
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The intensity of the CD response is low compared to another report of
the gammadion structure [1]. However, considering that the PCM area in this
work is 25 times smaller than the one previously reported, the difference
is not large. When scaling the observed modes (Figure 2.5a) by 25, several
modes are comparable to the 120 mdeg response of the strongest mode from
the previously reported gammadions [1]. Hence the intensity has not suffered
significantly from the diverse substructure geometries on the same sample.
Measuring the dissymmetry factor (44λ = 4λrighthanded −4λle f thanded)
requires the measurement of both enantiomeric PCMs with a protein of in-
terest adsorbed on the surface. Due to instabilities of the EBL system, it was
impossible to produce a mirror image of the existing PCM sample. Hence the
dissymmetry factor, used to determine if a protein adsorbs in an isotropic or
anisotropic way on the PCM surface, was not directly measurable. How-
ever, as proof of concept and to probe the applicability of the fabricated PCM
sample, different proteins and the amino acid tryptophan were individually
adsorbed on the PCM surface, to measure the resulting LSPR shifts (Fig-
ure 2.5). The position of suitable CD modes and the shifts induced by the
different biomolecules are listed in Table 2.4. Compared to the wavelength
repeatability of the used CD spectroscope, ±0.1 nm in the 250 to 500 nm
wavelength interval and ±0.2 nm in the 500 to 1100 nm wavelength interval,
some of the induced shifts are very large compared to what has previously
reported [1]. Hence the amount of different substructures on the same sample
has not diminished the sensitivity of the fabricated PCM either.
The shifts induced by air are larger than those induced by the proteins by
an order of magnitude. The degree of the shifts is governed by the change
in dielectric constant of the near PCM surface environment, the coverage and
thickness of the adsorbed molecules. The sensing distance perpendicular to
the gold surface (decay length) is in the range of 10-50 nm in the measured
wavelength range for localized surface plasmons [89–91], hence all molecules
within this distance from the PCM surface contribute to the LSPR wavelength
location. It is therefore not possible to achieve a protein adsorption thickness
comparable to the decay length. For this reason the shifts of air represent
the maximum achievable shift relative to the buffer and are a measure of the
sensitivity of the PCM structure.
The relation between a mode shift and the characteristics of an adsorbed
molecule seems rather complicated. However, some modes are distinctly
sensitive to the secondary structure of the adsorbed protein. For instance,
a positive mode shift is observed for all proteins that contain β-sheets in
mode *4, while BSA consists almost purely of α-helix secondary structure
and induces a negative shift. Furthermore, mode *5 displays the opposite
tendency as all proteins induce a positive shift, except β-lactoglobulin that
consists of a very high β-sheet content and induces a negative shift. Generally,
it is expected that all proteins induce a shift in the same direction as air
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(negative shift), as the adsorption of a protein represents a decrease in the
net dielectric constant of the near PCM surface environment. Any modes
that deviate from this have sensitivity towards the secondary structure of
proteins. Hence mode *4 is actually sensitive to β-sheet structure, while mode
*5 is sensitive to α-helix structure.
Table 2.4: Table listing the position of the plasmonic resonance modes from the CD spectroscopy
measurements (Figure 2.5) of the large area PCM sample (Figure 2.3). Also listing the resulting
shifts, observed in Figure 2.5, of the modes when different proteins, tryptophan and air is ad-
sorbed on the PCM surface relative to the wavelength position when Tris buffer is used.
Mode position [nm] *1 *2 *3 *4 *5 *6 *7
Tris buffer 619.0 565.1 475.9 453.8 432.0 407.3 367.0
Mode shift [nm] *1 *2 *3 *4 *5 *6 *7
BSA -0.6 -3.6 0.0 -0.8 0.5 -1.3 -0.5
β-lactoglobulin 0.0 -3.1 -0.4 0.1 -1.5 -0.8 -0.4
Lysozyme -0.7 0.5 -0.7 0.2 0.0 0.1 0.0
tryptophan -1.3 0.0 -1.6 0.1 0.2 0.1 -0.8
Air -0.3 blank -12.2 -5.2 -10.0 -7.3 -4.0
3 Conclusion
Gammadions with improved structural features compared to the previously
reported gammadions [1] were fabricated by EBL in small areas. Features as
low as 31 nm, which is far better than what is required for LSPR in the visible
wavelength range, were fabricated using the proximity effect. However, these
required a significantly higher exposure time and were hence not suitable for
large area fabrication.
A sample with a large area of PCMs had many different substructures on
the same sample. This yielded a large amount of CD modes with a high in-
tensity compared to what is expected for many different structures and many
modes. The many CD modes resulted in a far more complicated protein fin-
gerprint, which could be used for identifying proteins much more precisely.
Some of the CD modes were sensitive to β-sheet secondary structure, while
other modes were sensitive to α-helix secondary structure. This possibly al-
lows for secondary structure studies of proteins at very low concentrations.
However, because the reproducibility of the fabrication PCM sample was
very poor, a sample with opposite handedness could not be fabricated. Even
stable EBL systems produce imperfect mirror image structures that result in
differences in the CD responses [1]. Furthermore, the protein fingerprint is ac-
quired by two independent experiments and relies on very small differences.
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Hence the imperfections of the mirror image sample and the uncertainty of
the two experiments renders the protein fingerprint difficult to acquire from
PCMs in general.
It has previously been observed that the intensity of the modes is greatly
affected by the adsorption of proteins [1]. The same was observed during the
sensing experiments in the present work. Generally, some proteins induce an
increase in the intensity of all modes while other proteins induce a decrease in
all modes. The effect of air is non-intuitive as it increases the intensity in some
modes and decreases it in others. Furthermore, the increase and decrease
of the proteins vary in magnitude for each mode. Hence the intensity of
the modes is apparently sensitive to the secondary structure of proteins and
could form the basis for another route towards sensing in the future.
4 Methods
PCM fabrication
The fabricated gammadions were designed with a line width of 80 nm and
a periodicity of 800 nm. Approximately 1.5× 106 PCM substructures were
fabricated corresponding to a total area of 1× 1 mm2, however, some may not
have been chiral due to stigma drift that gradually deformed the structures
over time. The samples were fabricated on indium tin oxide coated quartz
to make it conductive. The size of the sample matched that of commercial
grade dismantled cuvettes with a pathlength of 0.1 mm (Hellma, Müllheim,
Germany) in order for it to replace the cover glass. The slides were cleaned
for 10 min in ethanol, 10 min in acetone and 5 min in isopropanol all under
ultrasonic agitation before being blown dry in a stream of nitrogen. A bi-
layer of PMMA was spun to a thickness of 100 nm and baked at 180◦C for 1
hour. The pattern was exposed in a Zeiss 1540XB SEM modified with a Raith
ELPHY plus lithography tool at the exact position were the CD spectroscope
would probe the sample. After exposing the sample, the pattern was devel-
oped with IPA:MIBK:MEK (3:1:1.5%) at 4 ◦C for 1 min after which it was
rinsed and soaked in IPA. 3 nm Cr, used as an adhesion layer, followed by
50 nm of Au was deposited by e-beam deposition in a Cryofox 600 explorer.
The final patterns were achieved in a lift-off process by heating the sample to
180◦C and submerging it into preheated acetone near the boiling point and
leaving the samples in the acetone for about 3 hours.
CD measurments
The PCMs were incorporated into a dismantled cuvettes with a pathlength of
0.1 mm (Hellma, Müllheim, Germany) and a total volume of 26 µL. All CD
spectra were collected with the back face (metal/glass) of the PCM facing the
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spectrometer detector. Approximately, 1.5× 106 PCM substructures were in
the optical path of the detector. CD spectra were collected using a commercial
spectropolarimeter (JASCO J-715).
Protein adsorption
All solutions were used at a concentration of 1 mg/mL. The tryptophan so-
lution was made up using milliQ water, and the protein solutions were made
using a 10 mM Tris/HCl buffer at pH 7.5. The adsorption of proteins and
tryptophan was done by incubating 30 µL of the solution on the PCM sample
for 1 hour, after which the other half of the cuvette was carefully mounted on
the PCM sample.
PCM surface regeneration
The PCM sample was used in multiple experiments. After each protein ad-
sorption and measurement cycle, the sample was immersed in a sodium do-
decyl sulphate detergent solution for 1 hour, followed by 2 % hellmanex
solution and rinsed with milliQ water before and after each step. Finally, any
remaining (organic) residue was removed in an oxygen plasma-cleaning unit
for 30 min.
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Polystyrene Nanosphere
Assembly For Metamaterial
Fabrication
Polystyrene (PS) nanospheres (NS) have received increasing interest in re-
lation to nanofabrication techniques due to the variety of available sizes
and the possibility of forming closely packed monolayers. This allows for
one of the few available routes towards the fabrication of metamaterials in
a high-throughput way. Some of the fabricated structures are also chiral
and can be either planar or 3-dimensional. The most interesting reported
large-scale methods from closely packed PS NS monolayers include PCMs
for surface enhanced IR absorption spectroscopy by nanospherical-lens UV
lithography [62] or by a combination of holes produced by PS NS and glanc-
ing angle deposition [23], PCM with LSPR in the near- and mid-IR wave-
length range [92] or a CD response in the visible wavelength range [86] by
PS NS monolayers as mask for glancing angle deposition and 3-dimensional
chiral metamaterials by PS NS monolayers as seeds for glancing angle depo-
sition [84, 88, 93, 94].
However, the formation of these closely packed PS NS monolayers, which
all of the fabrication techniques rely on, is not easy. Different approaches to
form closely packed colloidal monolayers have been reported including spin
coating [95], drop casting [96], electrostatic deposition [97], electrophoretic
deposition [98] and Langmuir-Blodgett trough [99]. However, few methods
are defect or domain free [100] and only include noise-aided self-assembly
formation [101], merger of domains in closely packed monolayer by transfer-
ring it to a water surface [102] and spin coating while trapping the colloidals
inside a polymer matrix [103].
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In order to understand the mechanism and develop new ways to form
perfect monolayers, the forces in between PS NS and between PS NS and
substrates have been widely studied [12, 104, 105]. The potential between PS
NS is described by the DLVO theory [106–108] and the self-assembly is gener-
ally driven by van der Waals forces (mainly hydrophobic effects) but requires
a surface charge modification in order to disperse and remain stable on a
water interface or remain stable in suspension. This induces a repulsive elec-
trostatic force and an effective radius from possible counter ions (the debye
radius) that both counteract the self-assembly. However, the major challenge
is the diversity of PS surface modifications that does not allow for a universal
route towards perfect monolayers. Hence the chemistry of a specific PS NS
greatly affects the method parameters needed to form a perfect monolayer.
The diameter of the PS NS also changes the balance between the attractive
and repulsive forces and the assembly of closely packed monolayers with
colloids of smaller diameter is exceedingly more difficult [109].
Different approaches towards forming closely packed PS NS monolayers
have been attempted in this work. Furthermore, PCMs have been fabricated
according to various previously reported PS NS techniques and other novel
ones has been developed.
1 Self-Assembly of Closely Packed PS NS Mono-
layers
Spin Coating Method
The formation of large domains of closely packed monolayers was attempted
through optimization of the spin coating process (Figure 3.1a). This involved
multiple steps such as the initial spreading by slow spin speed, main spin
coating at specific acceleration to a certain spin speed and finally a high spin
speed to remove excess PS NS suspension from the edges of the substrate.
Other parameters such as the solvent, PS NS concentration and spin time
were equally important as the spin speed and acceleration and also had to be
optimized. Water was determined to be the best solvent with a final PS NS
concentration of 10 wt.%. The initial spread spin step was short (less than 10
seconds) to avoid significant evaporation. The duration of the main spin step
had to be optimized to allow the solvent to complete evaporation. In the case
of a 1 cm2 substrate, approximately 120 seconds was sufficient, while still
leaving the edges of the sample moist. The final step was short (1-3 seconds)
and removed the solution at the edges.
Furthermore, the surface properties of the substrate and the diameter of
the PS NS were also determined to be important. Hence the optimized pa-
rameters were only valid for PS NS with a diameter of 350 nm and a 1 cm2
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300 nm
(a)
2000 nm
(b)
Figure 3.1: Spin coated monolayers of different sized PS NS, both spin coated with parameters
optimized for only one of the sizes. (a) PS NS with a diameter of 350 nm in a closely packed
monolayer as a result of highly optimized spin parameters. The samples are coated with 2 nm
gold. (b) PS NS with a diameter of 1000 nm in a non closely packed monolayer as a result of no
optimized spin parameters.
silicon or quartz substrate. However, when PS NS of a different diameter
were used, all the parameters had to be re-optimized (Figure 3.1b). For this
reason, other approaches to form closely packed monolayers, independent of
the PS NS size, were attempted.
Spin Coating and Dipping
It has been reported that nearly infinitely large domains may be formed by
spin coating a monolayer consisting of large closely packed domains and sub-
merging the substrate into water [102]. If the surface energy of the substrate
and PS NS monolayer is sufficiently low, the monolayer is released and will
float on the water surface as a result of surface tension. The closely packed
domains will then merge over time, resulting in a domain free monolayer. By
dipping a new clean substrate under the monolayer and gently emerging it
below the floating monolayer, it is transferred to the new substrate.
The monolayers formed by spin coating in this work (Figure 3.1a) are
of equal quality as the one previously used to for the domain free mono-
layer [102]. When dipping the substrate into water, the monolayer peeled off
and a monolayer with clear diffraction was observed on the water surface.
However, a merger of the domains was never achieved no matter how long
the monolayer was allowed to equilibrate on the water surface or how gen-
tly the floating monolayer was transferred to a new substrate. Experiments
with transferring the floating monolayer to a hydrophilic substrate resulted in
slightly improved monolayers due to the lack of a large water contact angle.
Similarly, very gentle transfer of the monolayer by draining the water until
the monolayer landed on a clean substrate also resulted in slightly improved
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monolayers.
Nevertheless, a one domain closely packed monolayer was never achieved.
Presumably, this is due to differences in surface properties of the PS NS used
in this work and could result in more hydrophilic PS NS than the ones used
to form the infinitely large domains.
PS NS with a 15 nm hydroxypropyl cellulose coating that turned the
spheres hydrophobic when heated above 45 ◦C were also used. This pre-
vented the PS NS from submerging into the water and forced them to remain
on the water surface. Additionally, it had the benefit of leaving the PS NS sur-
face uncharged. In this way very large domains were self-assembled. How-
ever, only PS NS with a large diameter were available during this work and
closely packed monolayers consisting of larger PS NS are considerably eas-
ier to fabricate. Hence no further experiments with hydroxypropyl cellulose
coated PS NS could be attempted.
Noise-Aided Larger Domain Formation
It has been reported that sound noise may be used to improve the domain
size of slightly large PS NS spheres (368 and 530 nm) [101]. Similar sound
noise might also be used to relax domains in monolayers floating on a water
surface. Hence beakers with floating monolayers were left atop speakers
emitting a broad spectrum of noise (white noise). Different time intervals
and sound intensities were used, but an improvement of domain size was
never observed. Ultrasound was also used, however, even very low levels
would damage the floating monolayer.
Langmuir-Blodgett Method
Langmuir-blodgett is a well-known technique used to form monolayers on
water surfaces. Hence it was hypothesized that this might also be useful for
PS NS monolayer formation.
In order to keep the PS NS floating on the water surface, the solvent of
the PS NS suspension was replaced with ethanol. The PS NS suspension was
then gently added to the water surface. In total, approximately 100 µL was
added to an area of approximately 120 cm2.
At low area concentrations (no barrier compression) the PS NS were float-
ing in a foam like way. During barrier compression, the PS NS would closely
pack and form a more ordered layer with visible diffraction. However, at
some point when the monolayer was completely compressed, double layer
formations started to occur. This point was readily observable from the for-
mation of a foam like layer on the water surface, but was difficult to monitor
from the surface pressure. Furthermore, no improvement in domain size was
observed, compared to the "spin coating and dipping" method.
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Floating Perimeter Method
The most successful method used in this work was a floating perimeter
method, that has never been reported before. It consisted of a Teflon plate
with a hole in the middle. Differently shaped holes were used with the best
shapes being round or polygonal. The Teflon plate was placed on a water
surface in a petri dish. The monolayer was formed inside the Teflon perime-
ter on the water surface by slowly adding a PS NS suspension with 96%
ethanol with a final concentration of 10 wt. %. As more suspension was
added, a point was reached at which the PS NS spheres would form a closely
packed monolayer. This was observable by the formation of a diffraction phe-
nomenon. It was discovered that better results were obtained when stopping
the addition of the suspension immediately after this point, even though the
Teflon hole was only approximately 80 % filled with PS NS. After letting the
ethanol evaporate and the monolayer equilibrate, draining and refilling the
water in the petri dish could remove any submerged PS NS. Afterwards, a
clean substrate was submerged and placed on a platform under water. The
Teflon plate was then placed above this substrate and the water was very
slowly drained until the closely packed PS NS monolayer landed on the sub-
strate. Better results were obtained if the substrate was slightly tilted, allow-
ing for water to rinse off. This method produced monolayers independently
of the PS NS size or substrate properties. However, domains were always
observed.
2 Self-assembled PS NS for PCM Fabrication
PS NS Monolayer Mask for E-beam Evaporation
E-beam evaporation through closely packed PS NS monolayers to fabricate
large-scale planar chiral metamaterials has previously been reported [86, 92].
The lift-off process is often difficult for PS NS monolayers as the spheres stick
to the surface very well. In this work, a new and efficient approach to achieve
lift-off was developed.
After evaporation, the substrates were heated to approximately 90 ◦C,
close to the glass transition temperature of PS NS, and submerged in an
MIBK/IPA (1:3) solution in an ultrasound bath. This readily removed any
PS NS even when thick metal layers were deposited (Figure 3.2a). However,
in order to fabricate any useful metamaterials, a one domain closely packed
monolayer is required. As this was not achievable during this work, a large
amount of defects were introduced into the fabricated metamaterials (Figure
3.2b). For this reason, the fabrication of chiral metamaterials by glancing
angle deposition was never attempted.
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175 nm
(a)
350 nm
(b)
Figure 3.2: SEM picture of a closely packed PS NS monolayer used as mask for e-beam evapo-
ration of 50 nm Au and a subsequent PS NS lift-off. The sample is coated with 2 nm Au. (a) The
pattern from a perfect closely packed PS NS monolayer. (b) The pattern from a loosely packed
PS NS monolayer.
PS NS Monolayer for UV Lithography
In opposition to using PS NS monolayers as a mask for glancing angle de-
position, using PS NS as a nanolens does not require a perfect monolayer.
The resulting metamaterial substructures will be similar, but the order will
have the same quality as the monolayer. This method has previously been
used in the fabrication of metamaterials with LSPR in the IR wavelength
range [62]. However, smaller substructures yielding LSPR in the visible wave-
length range have not yet been fabricated because PS NS with a minimum
diameter of 750 nm were necessary in order to produce substructures other
than holes.
In this work, it was possible to produce very small substructures with PS
NS having a diameter of 600 nm by using a shorter wavelength light source
of 185 nm (Figure 3.3). It was observed that very small structures could also
be produced with large PS NS spheres (Figure 3.4).
By tilting the substrates 45◦ before exposure, elongated structures could
be produced (Figure 3.5). This enabled the fabrication of complex chiral struc-
tures by having multiple exposure steps with off-set sample positions relative
to the UV lamp, as was reported for large substructures [62]. However, the
resulting features were not small enough to produce PCMs with LSPR in
the 300-900 nm wavelength range (Table 2.1), used to measure the protein
fingerprint by PCM based CD spectroscopy.
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2000 nm
(a) (b)
Figure 3.3: SEM pictures of the developed pattern created in PMMA resist by UV lithography us-
ing a PS NS closely packed monolayer and subsequent PS NS lift-off. The sample is coated with
2 nm Au. (a) Developed substructure in PMMA next to a PS NS that was not removed during
the lift-off to show the scale difference. (b) Close up of one of the created PMMA substructures.
(a) (b)
Figure 3.4: SEM picture of the developed pattern created in PMMA resist by UV lithography
using a PS NS closely packed monolayer and subsequent PS NS lift-off. One PS NS with diameter
of 2000 nm was left on the surface for comparison to the developed pattern. The sample is coated
with 2 nm Au. (a) Overview of the developed PMMA pattern. (b) Close up of one of the created
PMMA substructures.
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600 nm
Figure 3.5: The developed pattern created in PMMA resist by UV lithography using a PS NS
closely packed monolayer while tilting the sample at a 45◦ angle during exposure and subse-
quent PS NS lift-off. The sample is coated with 2 nm Au.
PS NS Mask For Gold Nanoparticle Annealing
As an alternative to metal deposition by traditional evaporation techniques
that require high vacuum and are expensive, the annealing of Au nanopar-
ticles was attempted. PS NS monolayers were used as a mask to produce a
pattern of APTMS on the substrate. After removing the PS NS by use of a
tape lift-off process, gold nanoparticles were incubated on the substrates for
one hour. As gold nanoparticles would only stick to the surface coated with
APTMS, a hole array was produced after rinsing the substrate (Figure 3.6).
This allows for a cheap and easy way to fabricate metamaterials. By combin-
ing the aforementioned UV lithography process with PS NS as nanolenses,
far more complex structures could be produced. However, no further at-
tempts were performed, as the size of the features was too large to produce
PCMs with LSPR in the necessary wavelength range.
Selective Etching by Hole Arrays Produced by PS NS UV Lithography
Monolayers of PS NS were used as previously described to fabricate a hole ar-
ray in a PMMA photoresist by UV lithography. The PS NS were then removed
by tape lift-off and the exposed PMMA was developed. By use of aqua regia
(1:3) the underlying gold film was selectively etched in the developed PMMA
holes (Figure 3.7). It was observed that the array consisted of holes with vari-
ous sizes (Figure 3.7a) and very rough and non-uniform shapes (Figure 3.7b).
It is likely that a less corrosive aqua regia solution might form more homoge-
neously sized holes, as the etch time could be longer and more controllable.
However, the roughness of the holes is caused by the grain structure from the
Au evaporation process and would have to be optimized.
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(a) (b)
Figure 3.6: (a) AFM measurement of the pattern fabricated using a PS NS monolayer as a mask
for APTMS surface coating and subsequent incubating gold nanoparticles on the surface. The
PS NS monolayer was then removed and the sample rinsed with milliQ water. (b) Close up of
the pattern.
1000 nm
(a)
400 nm
Width: 310 nm
(b)
Figure 3.7: SEM pictures of the pattern created in a gold film by selective etching using a closely
packed PS NS monolayer to create a hole array by UV lithography in PMMA resist on top of the
gold film and removing the PS NS to etch through the developed PMMA. The PMMA layer was
then removed. (a) Overview of the pattern. (b) Close up of the pattern.
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3 Conclusion
All of the studied PS NS techniques yield a possible route towards high-
throughput PCM fabrication. The disadvantage is the need for a domain free
closely packed monolayer. Many papers demonstrate techniques to achieve a
defect free monolayer, however, it was not possible to reproduce the reported
results. Some large domain closely packed monolayers were fabricated in
this work, however it required much optimization.
Spin coating was a fast and efficient method for monolayer formation. The
monolayers were of a good quality and many types of substrates could be
used except for positively charged surfaces such as PMMA coated substrates
as the PS NS often are stabilized by a negative or positive surface charge.
The spin coating and dipping method was slow but yielded the second
best monolayers and could be used on all substrates.
White noise did not help relax domains in floating monolayers and re-
quired a long timescale.
The Langmuir-blodgett approach was very slow but yielded a good qual-
ity of monolayers.
The floating perimeter method was the best method as it was fast and
produced some excellent monolayers. However, this method requires practice
as the monolayer formation depends on the amount of solution added.
It is likely that none of the methods in this work yielded perfect closely
packed monolayers as a result of the specific chemistry of the PS NS used
for this study. In order to form defect free monolayers, the surface charges
of the PS NS need to be highly optimized as these are responsible for the
repulsive forces. If the surface charge is too high, more domains are formed
in a way similar to what was observed in this work. If this is the main
problem, a modulation of the surface charge could be attempted by changing
the solution composition because only the submerged PS NS parts will be
charged.
A domain free closely packed monolayer is required by the e-beam evap-
oration method and glancing angle deposition process as the resulting PCM
geometry relies heavily on the monolayer quality. Using PS NS as lenses
for UV lithography will not result in a perfect lattice if the monolayer is not
perfect, but all the PCM substructures will be similar. When the distance
between substructures is large enough, the LSPR is insensitive to periodicity
because the distance between substructures is larger than the wavelength of
the incident light. In this way, PS NS in non-perfect monolayers may be used
to fabricate PCMs with UV lithography in a reproducible way. It was also
demonstrated that the UV lithography technique could be combined with
the deposition of Au NP to achieve PCMs without expensive high vacuum
deposition methods. Furthermore, PS NS UV lithography also has potential
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for selective etching that can yield a very fast way of PCM fabrication after
careful optimization of the etching parameters.
Another challenge of all the PS NS techniques is the inherent relation
between periodicity and structure size. To create smaller structures, smaller
PS NS are needed and the periodicity will always be equal to the PS NS size.
Furthermore, it is more difficult to form closely packed monolayers of smaller
PS NS. 1µm PS NS monolayers as mask for glancing angle deposition will
result in PCMs with a LSPR in the near- to mid- IR wavelength range [92].
Moreover, 750nm PS NS have been reported to produce PCMs with a CD
response in the visible wavelength range by using the monolayers as mask
for glancing angle deposition [86]. Furthermore, 500nm PS NS monolayers as
seed for glancing angle deposition also produce PCMs with a CD response
in the visible wavelength range [65]. Hence glancing angle methods may
produce smaller structures by using smaller PS NS. However, it has been
reported that PS NS smaller than 1µm were not applicable for producing
PCMs by UV lithography and the 1µm PS NS resulted in PCMs with LSPR
in the near- to mid-IR wavelength range [62].
This work succeeded in producing smaller structures by UV lithogra-
phy based on PS NS lenses by using UV light with shorter wavelengths and
smaller PS NS than what was previously reported [62]. By tilting the sample
during exposure, features as low as 110 nm were produced which is slightly
too large to yield LSPR in the visible wavelength range (Table 2.1). It was
also observed that larger PS NS could also produce very small features by
UV lithography, hence smaller PS NS would not necessarily result in signif-
icantly smaller features. However, problems with PS absorption might limit
how much smaller the features produced by reducing the wavelength of the
exposing light can be.
Another approach to achieve smaller features by PS NS UV lithography
could be to use a multi-step exposure process. By moving the sample relative
to the light source, the PS NS project the focused light onto different locations
on the resist [62]. Hence certain areas can be exposed several times, while
resist that was only exposed once or twice would not be sufficiently exposed
to be developed. This may also be used to take advantage of the proximity
effect and produce very low features, similar to what was demonstrated by
EBL (Figure 2.4a).
It would also be interesting to produce two PCM samples with opposite
handedness to probe how much the resulting CD response is affected by the
random defects in the two samples.
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4 Methods
Spin coating
All samples that were spin coated were done by adding an appropriate
amount of PS NS diluted in milliQ water to a 10 wt. % concentration. The
resulting closely packed monolayers were very insensitive to the amount of
suspension added. However, the spin speed and acceleration was very im-
portant. For PS NS with a radius of 350 nm, a 3 step spin process was used:
(1) A spreading phase with slow acceleration to spread the PS NS suspension
on the substrate. 6 sec of 600 rpm with acceleration 100 rpm/s. (2) A main
spin coating step to form closely packed monolayers. 120 sec of 2000 rpm
with acceleration 200 rpm/s. (3) A final step to remove excess PS NS suspen-
sion at the sample edges. 3 sec of 3000 rpm with acceleration 1000 rpm/s.
The substrates used were both quartz and silica.
Spin coating with dipping method
In the dipping methods the closely packed monolayers formed by spin coat-
ing were very carefully dipped into milliQ water. The monolayer then peeled
off the substrate and was floating on the water surface. Small vibrations were
then manually applied to form waves on the water surface after which the
floating monolayer was allowed to regenerate for one hour to days. Finally, a
pre-submerged clean substrate was emerged below the floating monolayer at
a small tilt to allow water to rinse off the surface. This sample now had the
monolayer on the surface and some water, that was allowed to dry at room
temperature.
Noise-Aided larger domain formation
The noise-aided method was performed in the same way as the spin and dip-
ping methods. However, the beaker of water was placed over a loudspeaker
connected to a computer with a noise generator. Many different frequencies
were used at a volume sufficient to see rippling on the water surface.
Langmuir-Blodgett method
Formation of closely packed monolayers by Langmuir-Blodgett with very
slow perimeter movements was also attempted. Water in the PS NS suspen-
sion was substituted with ethanol by centrifuging the suspension at 2000 rpm
for 15 min, discarding the water and dissolving the PS NS in 96 % ethanol to
a final concentration of 10 wt. % An appropriate amount of this suspension
was very slowly added to the water surface of the Langmuir-Blodgett trough
in order to avoid mixing the water and PS NS suspension. The appropriate
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amount of suspension was assessed by shining a strong light on the water
surface at an angle, which would make visible a cloudy film on the water
surface. When a coverage of about 70 % was reached, no more PS NS sus-
pension was added after which, the ethanol was allowed to evaporate for one
hour. The perimeters were then very slowly contracted. Even though a Wil-
helmy Plate was used to measure the surface pressure, it was not sufficient
as the formation of double layers were unmeasurable by the surface pressure
plot. Hence constant inspection of the monolayer was needed with a strong
flashlight to look for beginning diffraction patterns. These diffractions pat-
terns were a sign of ordered monolayers and prompted the barriers to be
stopped. Then the monolayer was left to stabilize for one hour, before the
substrate was slowly pulled up, with or without barriers compressing.
Floating perimeter method
In the floating perimeter method a Teflon plate with a hole in was floating on
a water surface. A 10 wt. % PS NS suspension in 96 % ethanol, prepared as
described above, was slowly added to the water surface inside the hole. When
the coverage was about 80 % a diffraction pattern was observed, prompting
the stop of adding more PS NS suspension. The water was then drained and
refilled several times to remove any PS NS that might have been dissolved
in the water. This closely packed monolayer was then left to stabilize for
one hour. Finally, the water was drained with the floating monolayer in
the perimeter, standing over a pre-submerged substrate standing on a pillar
with a slight tilt. The closely packed monolayer was in this way very gently
transferred to this substrate.
PS NS mask for E-beam evaporation
Closely packed PS NS monolayers were used as mask for deposition of 3
nm Cr, used an adhesive layer, followed by deposition of 50 nm Au by e-
beam evaporation in a Cryofox 600 explorer. After evaporation, the substrates
were slightly heated to approximately 90 ◦C, close to the glass transition
temperature of PS NS, and submerged in a MIBK/IPA (1:3) solution in an
ultrasound bath to lift-off the PS NS.
PS NS for UV lithography
100 nm of PMMA was spin coated on clean substrates. Onto these substrates
a closely packed PS NS monolayer was formed by the "floating perimeter
method" described above. This closely packed PS NS monolayer was used as
lenses in a UV lithography process where only the focused light was suffi-
cient to expose the PMMA. A standard UV tube was used for exposing the
sample. The emission spectrum was recorded and showed two major peaks
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at 185 nm and 253 nm. To avoid the formation of ozone the lamp was placed
in an almost airtight box that was continuously purged with nitrogen. The
substrate was in some cases put in an angle or off-set position, to produce
different patterns. After exposure, the PS NS monolayer was removed by
adhesive tape, as the PS NS would stick to the adhesive rather than the sub-
strate when pulled off. The sample was then developed in MIBK/IPA (1:3)
for one min and rinsed thoroughly in IPA.
PS NS mask for gold nanoparticle annealing
Closely packed PS NS monolayers were used as a mask to produce a pattern
of APTMS on a silica substrate. After removing the PS NS by use of a tape
lift-off process, gold nanoparticles with a 30 nm diameter were incubated for
one hour on the substrate. The substrate was then rinsed in milliQ water and
dried under a stream of nitrogen.
PS NS created resist pattern for selective etching
A closely packed PS NS monolayers were used as previously described to
fabricate a hole array in a PMMA photoresist by UV lithography. The PS NS
were then removed by tape lift-off and the exposed PMMA was developed.
By use of aqua regia (1:3) the gold substrate was selectively etched in the
developed PMMA holes. The substrate was then rinsed in milliQ water and
dried by nitrogen blowing.
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Large-Scale Fabrication of
Achiral Plasmonic
Metamaterials With Giant
Chiroptical Response
In recent years metamaterials have attracted a tremendous amount of atten-
tion owing to their unique properties enabling the fabrication and design of
devices hitherto impossible. These properties have found implementations
in various fields such as optics [110], improved photovoltaic devices [111],
electronics [112], surface enhanced infrared spectroscopy [113], raman spec-
troscopy [114] as well as biosensors [115].
Planar chiral metamaterials (PCMs) have also attracted attention because
of their negative refractive index [116, 117] and optical activity [118] such as
circular dichroism (CD) [1]. Among other things, this makes them useful for
the production of sensing devices for organic molecules and biomolecules [1].
Recently, the phenomena of the long proposed extrinsic chirality dating back
to 1945 [119] have been observed experimentally with materials that are achi-
ral [31]. These extrinsic chiral metamaterials (ECMs) demonstrate CD re-
sponses that are orders of magnitudes larger than their PCM counterpart [31].
ECMs typically consist of achiral subwavelength hole arrays where the chi-
roptical response originates from a large area excitation of surface plasmon
polariton (SPP) waves. Compared to the localized surface plasmon resonance
from PCMs, SPP waves from ECMs are extremely sensitive to the angle of
incidence and less sensitive to structural imperfections [28]. Furthermore,
ECMs are defined by having a zero response angle, which is the angle where
the ECMs exhibit mirror symmetry and hence do not yield a CD response.
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Though some PCMs show promise as they also yield huge CD responses
through FANO resonance [120], the greatest advantage of ECMs is that sens-
ing of biomolecules can be performed with only one sample in one experi-
ment by inverting the tilt of the sample, whereas PCMs requires one samples
of both enatiomeric structures and independent experiments with both sam-
ples.
To date only very few different ECMs other than hole arrays [28–30] and
the original suggested U-shaped and split ring structures [31], have been
investigated. These have been thoroughly studied [121–124] and other struc-
tures including theoretical suggestions are limited to plasma sphere arrays
[33], gold dot arrays [34], gold square arrays [35], metal disk arrays [36], two
layer hole arrays [37], polystyrene sphere templates for gold deposition [38]
and structures formed by carbon nanotubes [39].
However, in order to be able to apply these metamaterials in sensing de-
vices of organic molecules and biomolecules a reliable large area fabrica-
tion method is required. State of the art fabrication techniques are based
on electron beam lithography or focused ion beam milling, which both are
expensive and time consuming methods. Large-scale fabrication of PCMs
have been attempted to some degree applying different approaches such as
glancing angle deposition [88], scaffold ornamentation [25, 26], individual
chiral nanoparticles [125], preassembled nanoparticles [24, 68, 126] and a
variety of colloidal nanolithography techniques [23, 62, 92]. Compared to
the above mentioned PCMs, the experimentally proven ECMs only comprise
structures from polystyrene sphere templates for gold deposition [38], struc-
tures formed by carbon nanotubes [39] and larger U-shaped structures by
nanoimprint lithography (NIL) [32] which have been scalably fabricated.
In the present work we present a novel route towards large-scale fabrica-
tion of ECMs and metamaterials in general. These structures have never been
reported before and add to the scarce amount of experimentally investigated
ECMs. Our fabrication approach is based on a two step thermal NIL process
with subsequent glancing angle metal deposition. The master mold for the
NIL was fabricated by anodic oxidation of an aluminum (Al) substrate, which
previously has been demonstrated [40, 41]. During this process a disordered
honeycomb structure is formed in the substrate. By controlling different pa-
rameters the interpore distance has been varied. ECMs with different inter-
pore distance were investigated with CD spectroscopy and scanning electron
microscopy (SEM). Furthermore, by altering the interpore distance and the
glancing angle for metal deposition it was possible to tune the obtained CD
signals from UV all the way to IR wavelengths. As a proof of concept, the
resonance shifts of SPPs were studied upon interactions between a protein or
a chiral organic molecule and the ECM surface.
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Figure 4.1: Schematical overview of the ECM fabrication process. First an original mold with
a honeycomb structure is cast in a TOPAS polymer substrate. After de-molding a thin Al and
anti-stick layer is applied to produce a negative mold. This negative mold is then cast in PMMA
to produce the original honeycomb structure. This structure is used for initiation of glancing
angle deposition of a 30 nm Au layer.
1 Fabrication and Characterization
The ECM fabrication process is illustrated schematically in Figure 4.1.
The original mold was fabricated by a self-ordering anodic oxidation of
Al foils as described in a previous study [40]. In this process pores are pro-
duced in the Al surface with a honeycomb structure. However, the pattern
is not perfect and several types of defects are present which are inevitably
transferred to the final ECMs. By applying different acids and voltages in
the anodic oxidation process, original molds with three different interpore
distances (300 nm, 430 nm and 600 nm) have been prepared as previously
described [41]. These served as master molds in the following NIL process
(Figure 4.2a). The first imprints were cast in TOPAS polymer substrates. Af-
ter de-molding the TOPAS structures were sputter coated with a thin Al film
and subsequently an anti-stick monolayer was applied to produce negative
molds (Figure 4.2b). The negative molds were then cast in PMMA polymer
substrates (Figure 4.2c). The honeycomb pattern in the PMMA substrates
served as the starting structure of the glancing angle deposition of Au films.
By varying the deposition angle (50◦, 60◦ and 70◦), three different samples
have been fabricated for each honeycomb interpore distance (Figure 4.2d-f).
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Interpore Distance: 300 nm
Original Mold
1. Imprint
2. Imprint
Glancing Angle 
Deposition
50º
Glancing Angle 
Deposition
60º
Glancing Angle 
Deposition
70º
Interpore Distance: 430 nm Interpore Distance: 600 nm
(a)
(b)
(c)
(d)
(e)
(f)
400 nm 
Figure 4.2: SEM pictures of (a) the original molds (b) 1. imprints with a thin Al layer (c) 2.
imprints with a 2nm Au layer and (d-f) all the different ECMs produced by glancing angle
deposition of 30 nm Au at 50◦, 60◦ and 70◦. The scale bar is shown in the bottom right corner.
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In total, nine different samples have been prepared, each covering approx-
imately 3cm2, together with three reference samples of a deposition angle of
0◦. Figure 4.3a shows a photograph of the samples prepared by a deposition
angle of 60◦, the samples with 600 nm interpore distance show good diffrac-
tion (Figure 4.3b) while the samples with 430 nm interpore distance show
moderate blue diffraction and the samples with 300 nm show no diffraction.
However, the size of the samples are only limited by the size of the origi-
nal molds, which were fabricated by another scalable technique, but the size
of the samples was chosen as to be compatible with commercial dismantled
cuvettes and only a small area of the sample are probed at any one time.
(a) (b)
Figure 4.3: (a) Photography of the ECM samples prepared by a deposition angle of 60◦ and
interpore distance of 300 nm, 430 nm and 600 nm from the left, respectively. The sizes were
chosen as to be compatible with commercial dismantled cuvettes and only a small area of the
sample are probed. (b) Photography of the sample prepared by a deposition angle of 60◦ and
interpore distance of 600 nm with flashlight to illustrate the diffraction pattern (the scale bar
does not apply to this photo).
The Extrinsic Chiral Metamaterial Criteria
A chiroptical response is only obtained from structures lacking mirror sym-
metry. As the unit structure of ECMs are not natively chiral, they rely greatly
on the orientation of the sample with respect to the direction of the incident
light causing a broken mirror symmetry. By careful design it is possible to
design the ECM structure in such a way that no CD response is observed
when the face of the ECM substrates are oriented perpendicular to the inci-
dent light. Hence a CD signal is only obtained when the sample is tilted out
of one of the two angles θ and φ (Figure 4.4). This enables the investigation
of the enantiomeric ECM structures (right-handed and left-handed structure)
to be probed in the same experiment, by inverting the tilt of the ECM with
respect to the normal ECM face angle.
The investigated ECMs have been designed in a way that it was possible
to invert the CD signal by tilting the samples with respect to the θ angle
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Figure 4.4: The two principle angles, θ and φ, of incident light with respect to the ECM struc-
tures.
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Figure 4.5: The resulting CD response from three ECM orientations (θ = 0◦,φ = 0◦), (θ = 12◦,φ =
0◦) and (θ = −12◦,φ = 0◦) of the ECM with 300 nm interpore distance and 60◦ deposition angle.
It is evident that (θ = 0◦,φ = 0◦) shows no significant response, while the two other orientations
yield an inverted line-shape.
while retaining a φ angle of 0◦ (Figure 4.5). The observed response from
the bare sample at normal incident angle light of may have three different
causes; 1) Various structural imperfections; 2) Spread in structure size; 3) The
3D nature of the ECM structure causing some intrinsic chirality. However,
this CD response at φ = 0◦ has also been observed by ECMs produced with
focused ion beam milling [28].
The ECM property that allows for the measurement of the enantiomeric
structures from one sample, yields several advantages over PCMs in biosen-
sor applications; 1) PCMs requires fabrication of the two enantiomeric sam-
ples, which increases the cost and the risk of imperfections. 2) With the use
of PCMs it is necessary to perform two independent experiments, which is
time-consuming and difficult to implement into a commercial product. 3)
Since the CD response is concentration dependent, two independent PCM
experiments are troublesome to interpret. All of these disadvantages with
PCMs are totally avoided by the use of ECMs which are both cheaper, more
reliable and only requires one experiment in biosensor applications.
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Figure 4.6: Angular scans and corresponding CD response from the ECM fabricated with 430
nm interpore distance and 50◦ glancing angle deposition. (a) Independent scan of the θ angle
defined in Figure 4.4. (b) Independent scan of the φ angle defined in Figure 4.4.
Probing the Zero Response Angle
The zero response angle of the ECM with 450nm interpore distance and 50◦
glancing angle deposition was identified by scanning the θ and φ angles sep-
arately (Figure 4.6).
This ECM substrate was chosen as it exhibits more and stronger reso-
nance modes than the other samples and will be used in most subsequent
experiments. While the CD response was extremely sensitive towards angu-
lar rotation about the θ angle plane (Figure 4.6a), it exhibited a lower angular
dependence towards the φ angle plane (Figure 4.6b).
Furthermore, it is evident from the angular scans (Figure 4.6) that the
ECM has an intrinsic left-hand chirality. Hence the zero response angle is not
identified by the lowest CD response but as the center of the enantiomeric
signals. From the θ angle scan (Figure 4.6a), it appears as if θ = −1◦ and θ =
+2◦ displays the least responses. Hence the θ angle resulting in minimum
extrinsic chirality is between 0◦ and +1◦. As virtually no difference in line-
shape is observed between θ = 0◦ and θ = +1◦, θ = 0◦ was used as zero θ
angle throughout the paper for convenience.
The two resonance modes located in the 260-360nm wavelength range
of the φ angle scan (Figure 4.6b) indicate that φ = 0◦ to φ = −3◦ exhibits
no extrinsic chirality. As virtually no difference in line-shape is observed
between these angles, φ = 0◦ was used as zero response angle. Applying
θ = 0◦ and φ = 0◦ as reference results in a more symmetrical angular scan
(Figure 4.7) indicating the precision of the zero response angle determination.
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Figure 4.7: Angular scans with the intrinsic chirality subtracted. A much higher symmetrical
CD response from the ECM enantiomers is observed compared to the angular scans in Figure
4.6. (a) Independent scan of the θ angle. (b) Independent scan of the φ angle.
Interpore Distance and Glancing Angle Deposition Dependence
Structures with 300, 430 and 600 nm interpore distances exhibited main plas-
monic resonance ranges from ∼ 300− 550 nm, ∼ 450− 800 nm and above
900 nm, respectively (Figure 4.8).
Compared to the relative narrow linewidth of the CD response from
ECMs comprised of hole arrays, the honeycomb ECMs exhibit a rather broad
signal [28]. This is presumably related to the heterogeneity and 3D nature of
the ECM structures which is less dominant in the hole arrays fabricated by fo-
cused ion beam lithography. In spite of this, the CD linewidth of the present
ECMs are comparable to that of gammadion PCMs which has previously
been used for biosensor applications [1]. Furthermore, compared to PCMs
fabricated by another scalable technique [25], the CD linewidth of the honey-
comb ECMs are more narrow. Hence the heterogeneity and 3D structure has
not limited the use of the honeycomb ECMs for biosensing applications.
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Figure 4.8: CD response from all the produced ECMs. (a) The CD response from the structures
with 300 nm interpore distances. (b) The response from the structures with 430 nm interpore dis-
tances. (c) The response from the structures with 600 nm interpore distances. All measurements
were recorded with an ECM orientation of θ = 12◦ and φ = 0◦.
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While the interpore distance of the ECM array is the main factor in the
position of the SPP resonance, the angle of the Au deposition has mainly an
influence on the line-shape and number of resonance peaks (Figure 4.8). The
samples prepared at 0◦ and 50◦ glancing angle deposition show a similar
line-shape, as well as the samples prepared at 60◦ and 70◦. This is reasonable
as the angle deposition sensitivity, which determines the dependence of the
resulting structure and the deposition angle, is very low at small angles but
increases with large angles. The reason for this is found in the shadowing
effect from the honeycomb starting structure. The glancing angle deposition
is self-perpetuating at larger angles while small angles result only in minor
shadowing effects. The samples prepared at 0◦ and 50◦, in general, exhibit
3-4 distinct resonance peaks while the samples prepared at 60◦ and 70◦ only
exhibit 2-3 distinct resonance peaks. This might be explained by the gold
inside the hole arrays produced at 0◦ and 50◦ glancing angle deposition,
resulting in a more complex 3D structure (Figure 4.2) and an extra origin of
plasmonic resonance modes. The samples with 600 nm interpore distances
had a main resonance wavelength above 900 nm (data not shown). These
structures may find applications in other areas such as surface enhanced IR
spectroscopy [127], THz generation [128] or THz-CD spectroscopy [129].
Scanning Angle Dependence and Intrinsic Spatial Structural Variations
As mentioned above, the plasmonic resonance wavelength and intensity de-
pends on the orientation of the ECMs. Upon rotating the sample in the θ
angle plane (Figure 4.9a) it is evident that the two distinct resonance modes
in the near UV region merge upon increasing the θ angle from 10◦ to 20◦. At
θ = 30◦ this peak is blue-shifted. When the θ angle is increased to 40◦ and
50◦ the peak re-separates into two peaks. These changes may originate from
the transition from a hole array towards a film with gratings upon increasing
angles and subsequent larger backscattering. At θ = 60◦ the backscattering
has increased significantly, resulting in a pronounced drop in CD response.
Furthermore, the 770 nm plasmonic resonance mode does not show any an-
gular dependence and remains located at the same wavelength.
From the φ angle scan (Figure 4.9b) it is evident that only plasmonic res-
onance modes in the infrared and UV wavelength range are induced. Upon
increasing the φ angle, the resonance modes in the UV range intensifies and
resonance wavelength changes occur. It is also noteworthy for other ap-
plications of the ECM, that a very strong resonance mode in the 900-1100
nm wavelength range has been identified in other measurements (data not
shown) but is outside of the present measured range as it is not relevant to
protein sensing using CD spectroscopy. As was the case with the θ angular
scan, the CD response at a φ = 60◦ drops as a consequence of significantly
increased backscattering.
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Figure 4.9: Angular scans with large angle increments and corresponding the CD response
from the ECM fabricated with 430 nm interpore distance and 50◦ glancing angle deposition. (a)
Independent scan of the θ angle. (b) Independent scan of the φ angle.
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Figure 4.10: CD response from the ECM fabricated with 430 nm interpore distance and 50◦
glancing angle deposition in four different angle orientation and measured in two different
positions 6 mm apart on the sample.
Typically, metamaterials are fabricated with a significantly smaller surface
area than the beam profile used to probe the sample. However, the present
ECMs are significantly larger, but with various structural imperfections. To
validate the integrity of the sample fabricated with 430nm interpore distance
and a glancing angle deposition of 50◦ was probed in two different positions
over 6 mm apart. Minor differences were observed (Figure 4.10), indicating
small structural differences. These differences are no larger than what has
been reported for PCMs fabricated with e-beam lithography [1] or ECMs fab-
ricated with ion beam milling [28] and most likely originate from structural
imperfections. Another contributing factor might be that the ECM surface
is much larger than the beam profile, hence the structures in the circumfer-
ence of the beam profile may appear different from those substructures being
completely probed. Beam profile induced imperfections are circumvented in
usual fabrication techniques as the achievable sample area is much smaller
than the beam profile.
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2 Chiral Molecule Sensing
As a proof of concept, the sensing power of the honeycomb ECMs were in-
vestigated by monitoring the resonance shift upon adsorption of the chiral
organic molecule cysteamine and the protein Cytochrom C. Cytochrome C
acts as an electron shuttle and as a respiratory redox protein [130]. It also as-
sists as an important mediator in the apoptotic pathways [130]. Due to a free
surface accessible cysteine it is well known to readily adsorb onto gold sur-
faces and is often used to study electron transfer in cyclic voltammetry [131].
Cysteamine is the simplest stable aminothiol, hence it readily adsorbs onto
gold surfaces and forms a self-assembled monolayer which is often used as
the first layer in the functionalization of surfaces [132].
In all experiments the ECM fabricated with 430nm interpore distance and
a glancing deposition angle of 50◦ was used as it displays a well defined
response at ∼770 nm compared to the other structures, together with two
minor distinct peaks at ∼440 nm and ∼330 nm. The resulting spectra are
presented in Figure 4.11 and the corresponding shifts compared to the bare
structure are summarized in Table 4.1.
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Figure 4.11: CD response from a bare ECM and with a molecule adsorbed on the surface. (a)
CD response with and without Cytochrome C adsorbed on the ECM surface. (b) CD response
with and without Cysteamine adsorbed on the ECM surface. All measurements were recorded
with an ECM orientation of θ = 12◦;φ = 0◦ or θ = −12◦;φ = 0◦.
Table 4.1: Excitation shifts originating from different molecules
Molecule 4λ770nm (θ12/θ−12) 4λ440nm (θ12/θ−12) 4λ330nm (θ12/θ−12)
Cytochrome C 2/2 nm -4/-4 nm 2/3 nm
Cysteamine 7/12 nm 2/2 nm 4/5 nm
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A similar plasmonic resonance shift of the ∼770 nm mode upon adsorp-
tion of Cytochrome C was observed at different θ angles (Figure 4.12 and
Table 4.2). This indicates that the sensitivity of the plasmonic resonance to-
wards changes in local refractive index near the ECM surface is not effected
by the θ angle. Only the ∼770 nm resonance mode was used in this analysis
as the other modes change resonance as described above and as a result are
incomparable.
300 400 500 600 700 800 900
Wavelength [nm]
-600
-400
-200
0
200
400
600
C
D
 [m
de
g]
Reference
Cytochrome C, θ=5°
Cytochrome C, θ=15°
Cytochrome C, θ=30°
Cytochrome C, θ=-5°
Cytochrome C, θ=-15°
Cytochrome C, θ=-30°
Figure 4.12: CD response from the ECM fabricated with 430 nm interpore distance and 50◦ glanc-
ing angle deposition in different angle orientation and measured with and without Cytochrome
C adsorbed on the surface.
Table 4.2: Excitation shifts and dissymmetry factors of the plasmonic resonance at 770 nm at
different θ angles, originating from adsorption of Cytochrome C on the ECM fabricated with
430nm interpore distance and a glancing angle deposition of 50◦.
Angle 4λ770nm 44 λ770nm
(θ5/θ−5) 1.4/1.5 nm 0.1 nm
(θ15/θ−15) 2.3/2.6 nm 0.3 nm
(θ30/θ−30) 2.2/2.4 nm 0.2 nm
It has been demonstrated that the dissymmetry factor (44 λ) of the
shifts of the right- compared to the left-handed spectrum (44λ = 4λRight−
4λLe f t) is an indication of an anisotropic adsorption (Table 4.3) [1]. Whereas
a perfect isotropic adsorption would result in a 44 λ value of zero. In-
terestingly, the two molecules do not result in the same behavior in signal
shifts. While Cytochrome C caused an essential non existing dissymmetry
Table 4.3: Dissymmetry factors, calculated from shifts in Table 4.1.
Molecule 44 λ770nm 44 λ440nm 44 λ330nm
Cytochrome C 0 nm 0 nm -1 nm
Cysteamine -5 nm 0 nm -1 nm
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Table 4.4: Average shifts calculated from shifts in Table 4.1.
Molecule 4λAV,330nm
Cytochrome C 2.5 nm
Cysteamine 4.5 nm
shift, Cysteamine exhibits a relatively large dissymmetry shift as indicated
by the 770nm signal. This is coherent with other studies, demonstrating that
Cysteamine forms a well-ordered layer on Au surfaces [133, 134]. Further-
more, it has been reported that Cytochrome C either adsorbs with the α-helix
structure parallel to the Au surface [135] or that the protein instantly denatu-
rates upon adsorption to the Au surface [136]. In either case this will result in
an isotropic layer with respect to the incoming light, which is coherent with
the obtained results.
The average extent of the two plasmonic enatiomer shifts at (4λAV =
(4λRight +4λLe f t)/2) gives an indication of the amount of molecules ad-
sorbed on the gold surface of the metamaterial [1]. Instead of using the
peak at 550 nm to determine the surface coverage as previously reported by
PCMs [1], the peak at 330 nm has been used in this paper, since it is the peak
located closest to the UV range (Table 4.4). From the data it is apparent that
both Cytochrome C and Cysteamine do interact with the ECM gold surface.
Compared to another study using PCMs, it is apparent that the 4λAV,330nm
of Cytochrome C and Cysteamine is comparable to the 4λAV,∼550nm of the
proteins resulting in the highest adsorption on a PCMs gold surface [1]. As
the sensitivity of the ECM resonance mode at 330 nm is unknown the ex-
act surface coverage cannot be determined. However, the sensitivity is not
expected to deviate significantly from that observed with PCMs at 550 nm.
Based on this both Cytochrome C and Cysteamine are adsorbed in picogram
quantities on the ECM Au surface.
The current results demonstrate that proteins and chiral organic molecules
in general readily adsorb onto the ECM surface. This demonstrates that the
ECMs may be used for detection of proteins and chiral organic molecules in a
label free way. Furthermore, the ease of Cysteamine adsorption on the ECM
surface suggests that other molecules such as Ethanedithiol may be used to
functionalize the ECM surface and provide the possibility to fabricate very
sensitive sensor arrays.
3 Conclusions
In conclusion, a strong chiroptical response has been demonstrated from dif-
ferent achiral plasmonic hole arrays. The arrays were fabricated by a scaleable
technique while retaining control and order of the resulting arrays. This sig-
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nifies a substantial improvement to standard fabrication methods such as
focused ion beam and electron beam lithography concerning cost and pro-
duction time. Furthermore, the use of a small chiral organic molecule and a
protein has been used as a proof of concept for the sensing of biological and
chiral organic molecules in picogram quantities by CD spectroscopy. The
response of the presented ECMs was tunable within the UVA and IR wave-
lengths, depending mainly on the interpore distance of the hole arrays. The
deposition angle had an effect on the amount of resonance modes. Small
glancing angle deposition resulted in complex ECM geometries and conse-
quently more resonance modes were observed. The amount of modes are
larger than has previously been reported for PCMs [1, 68, 126] and is a signif-
icant improvement, as more signals yield a more detailed protein fingerprint.
The enantiomeric form of the investigated ECMs were recorded by invert-
ing the tilt of the same sample about the θ angle plane, effectively eliminat-
ing the disadvantages of PCMs having to fabricate two independent samples
and conducting two separate experiments to probe the protein fingerprint.
CD spectroscopy revealed that both Cytochrome C and Cysteamine readily
adsorbed on the ECM gold surface, amounting to picogram quantities. Fur-
thermore, the formation of a Cysteamine layer on the ECM gold surface sug-
gests that similar organic molecules may be used to fabricate functionalized
surfaces applicable for sensors with increased sensitivity or arrays hereof in
a cheap and scaleable way.
4 Methods
Extrinsic chiral metamaterial fabrication
The original molds were prepared by anodic aluminum oxidation using an in
house assembled anodization and wet-etching system. 99.98 % pure Al foils
(Advent Research Materials Ltd. AL103310) were used as substrates after
cleaning in an ultrasonic bath with a sequence of acetone, deionized water
and methanol for 1 minute, respectively. In total three types of molds were
prepared with different interpore distances, 300 nm, 430 nm and 600 nm.
The substrate with 300nm interpore distance was prepared by anodization
in 0.3 M oxalic acid solution at 140 V and with a solution temperature of
283 ± 0.5 K for 40 minutes. The substrate with 430 nm interpore distance
was prepared by anodization in 1 M phosphoric acid solution at 180 V and
with a solution temperature of 273 ± 0.5 K for 100 minutes. The substrate
with 600nm interpore distance was prepared by anodization in 2 M citric acid
solution at 285 V and with a solution temperature of 293 ± 0.5K for 20 min-
utes. More details on the fabrication of the original mold has been reported
previously [40]. The original molds were used to make negative imprints by
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thermal nanoimprint lithography using the EVG520HE semi-automated hot
embossing system. This was done in TOPAS 5013L-10 substrates under vac-
uum with a stamping pressure of 1.25 bar and at 160 ◦C using the original
molds. Next a 30nm film was sputter coated on the surface of the nega-
tive imprints. A monolayer of Trichloro(1H,1H,2H,2H-perfluorooctyl)silane
(25vol% in toluene) was applied to the Al films by gas phase deposition for
1 h in a vacuum desiccator. These samples served as new molds for the sec-
ond imprint in PMMA. The parameters of this imprint were similar to the
once described above but were prepared at 120 ◦C. The negative molds were
used several times without observable deterioration. The final ECMs were
achieved by glancing angle deposition of 2nm Cr followed by 50nm Au at
different deposition angles.
Scanning electron microscopy
SEM measurements of the ECM surfaces were done at high vacuum (1 · 10−6
mbar) and an electron high tension of 10 kV using a Zeiss 1540XB system and
standard procedure. The samples were coated by 2 nm gold as to prevent a
buildup of static charge.
CD spectroscopy measurements
The ECMs were compatible with commercial available liquid CD cells with
a path length of 0.1 mm and a total volume of 50 µL. The CD spectra were
collected in normal incident mode where the samples were parallel to the de-
tector and in tilted configuration, where the samples were tilted by 12 ◦. CD
spectra were collected using a commercial JASCO J-750 spectropolarimeter.
Adsorption of Cytochrome C and Cysteamine onto extrinsic chiral materi-
als
Cytochrome C was adsorbed on the substrates by incubation of 50 µL protein
solution (1mg ·ml−1) for 1 h. The Cysteamine was adsorbed by incubating 50
µL of solution (10mM) for 24 h. The Cysteamine solution was prepared with
degassed milli-Q water and the Cytochrome C solution was prepared using
5 mM PBS buffer at pH 7.4.
Extrinsic chiral material surface regeneration
ECMs were reused several times and before each experiment the substrates
were submerged for 2h in a sodium dodecyl sulphate solution, followed by a
30 min bath in a Hellmanex III solution at 37 ◦C. Finally the substrates were
cleaned in an oxygen plasma-cleaning unit for 1 h. After each step the ECMs
were rinsed with milli-Q water.
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A Computational Study of
the Self-Assembly of the
RFFFR Peptide
Self-assembled protein nanostructures have attracted much interest due to
their involvement in more than 20 degenerative diseases such as Alzheimers,
Parkinsons and Prion diseases [137, 138]. However, recent research has also
been devoted to its applications such as nanomaterial engineering, nano-
lithography, regenerative medicine, biosensors, and drug delivery [52, 139–
141].
Typically these model peptides originate from larger natural occurring
peptides or proteins. One such example is the peptide LVFFA, derived from
the β-amyloid peptide which then plays a crucial role in Alzheimers disease
[48]. The LVFFA peptide was later modified towards the analogous dipheny-
lalanine (FF). This peptide has been extensively studied and is known to
self-assemble into a large variety of structures ranging from nanotubes [50],
nanowires [49], films [49, 142], vertical aligned wires [142] and sponge-like
structures [142] depending on pH conditions [143]. Recently, the related pep-
tide triphenylalanine (FFF) was investigated which forms plate-like struc-
tures with lengths of several micrometers [144]. Furthermore, FFF forms
nanospheres without any void space when the N-terminus is protected by a
t-butyloxycarbonyl (t-Boc) group [52].
Even though the FF and FFF peptides are derived from the core recogni-
tion motif of the Alzheimer’s β-amyloid peptide it is still debated whether
they share any structural properties with the amyloid fibrils [50, 144, 145].
The self-assembly process is difficult to study experimentally, thus com-
putational methods are an attractive approach to study self-assembly pro-
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cesses [146]. The self-assembly process typically occurs on a timescale, which
is outside the obtainable timescales for atomistic molecular dynamics (MD)
and monte carlo simulations as well. In these cases coarse grained (CG) force
fields represent an appealing alternative as the total amount of atoms, in gen-
eral, is reduced by one third, allowing much larger systems and timescales
to be simulated. The MARTINI CG force field [147] is amongst the most
popular and versatile force fields. A number of complex molecules has
been simulated, such as lipids [147], sterols [148], DNA [149], sugars [150],
polymers [151], nanoparticles [152], proteins [153–155] and different solvents
[147, 153, 156] as well.
The MARTINI CG force field [147] has some limitations compared to
atomistic force fields. The structure of large biomolecules is not reproduced
accurately over time in the standard version of the MARTINI force field [147].
Furthermore, the secondary structure has been fixed during the course of the
simulation which significantly restricts the phenomena that can be studied.
Additionally, the CG simulations yield less structural information than sim-
ilar atomistic simulations as some atoms are not explicitly included. The
latter limitation is circumvented in some CG models by using multiscaling,
where parts of the simulation are in atomistic detail while the rest is rep-
resented by a CG model [157]. Another option is to translate the final CG
structure into the equivalent atomistic structure and continue the simulation
for a short period. Both options have been implemented in the MARTINI
model [147], but it has been of limited use so far, due to the comprehensive
workload required. However, a recent algorithm has made the implementa-
tion of the back-translation function more readily accessible [158]. See the
Methods section for more information on the MARTINI force field.
The present work investigates, for the first time, the effects of modifying
the FFF peptide to the amino acid sequence RFFFR. The motivation for the
modification is to direct the self-assembly process towards nano-fibers, which
may better resemble amyloid fibrils than the FF or FFF structures. The argi-
nine residues are intended to restrict the interaction of Phe residues in one
direction only.
1 In Depth Analysis of the RFFFR Fiber Formation
Peptide Self-Assembly
Snapshots of the CG self-assembly simulation at different time intervals are
shown in Fig. 5.1a. Initially all peptides are randomly distributed in the
simulation box. After 10 ns three small fiber segments with significant de-
fects have been formed. 100 ns later, these smaller fibers self-assemble into
one fiber with defects at the fiber ends. After 200 ns a continuous fiber has
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(a) Snapshots from the initial CG simulation
(b) Snapshots from the distance restraint
CG simulation
(c) Snapshots from the atomistic simulation
Figure 5.1: Water molecules and CG side chains are made transparent for simplicity sakes.
(a) Snapshots from the initial 200 ns CG simulation where the self-assembly of the nano-fiber
occurs. (b) Snapshots from the continued distance restraint 100 ns CG simulation where the
cis-configuration of the peptide is prevented. (c) Snapshots from the 10 ns atomistic simulation.
been formed that spans the entire PBC. The peptides in the fiber from the
initial CG simulation were mainly found to have an antiparallel configura-
tion where Phe-2 is located in proximity to Phe-1 and Phe-3 of a neighboring
peptide (Fig. 5.2a). However, some peptides adopt a cis-configuration for a
short period of time during the initial CG simulation. Compared to atom-
istic simulations of the fiber, the amount of cis-configurations is found to be
relatively high (data not shown).
For this reason the final configuration of the 200 ns long CG simulation
was used as initial configuration for a 100 ns long distance restraint CG sim-
ulation (Fig. 5.1b) where the peptide cis-configuration was excluded. This
resulted in a nearly defect free fiber where almost all peptides were oriented
antiparallel.
To regain atomistic details, the final configuration of the 100 ns long dis-
tance restraint CG simulation was converted to an atomistic configuration
and continued for 10 ns (Fig. 5.1c). During the simulation, the Phe residues
assume distinct orientation modes at the expense of backbone-backbone an-
gle distribution which becomes more disperse.
The Phenylalanine Cis-Configuration
The existence of cis-configurations in non Proline containing proteins is rather
scarce [159]. However, a statistical investigation of the protein data bank re-
veal that the majority of cis-configured residues in non Proline containing
proteins are involved in an interaction with an aromatic residue [160]. Hence
we expect some Phe residues to assume a cis-configuration during the MD
simulation.
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Cis-configuration
Phe
Phe-2
Phe-1/3
Phe-2
Phe-1/3
Phe-2
Phe-1/3
Fiber direction
(a) Snapshot from the initial CG simula-
tion
Phe-2
Phe-1/3
Phe-2
Phe-1/3
Phe-2
Phe-1/3
Cis-configuration
Phe
Fiber direction
(b) Snapshot from the final atomistic sim-
ulation
Figure 5.2: Water molecules are removed in both snapshots while Phe-1 and Phe-3 residues has
been highlighted in red and Phe-2 residues in orange. Hydrogen and oxygen atoms are removed
in the atomistic snapshot. (a) Close-up snapshot from the initial CG simulation that illustrates
the fiber configuration of three representative peptides in the CG simulations. It is apparent
that peptides interact in an antiparallel mode as Phe-2 interact with Phe-1 and Phe-3 residues
of other peptides. (b) Close-up snapshot from the atomistic simulation illustrating a peptide
with a Phe residue in a cis-configuration. It is apparent that the backbone of the peptide with
the cis-configurated Phe residue is not aligned with the residual peptides. Hence the cis-Phe
residue is forced to assume a cis-configuration as it is too far away to interact with any other Phe
residues.
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Figure 5.3: Number of Phe residues in a cis-configuration as a function of time over the three
simulations; Initial CG simulation (black), CG simulation with distance restraints (blue) and
atomistic simulation (red). For clarity a zoom in on the atomistic simulation is depicted in the
insert.
Initially a high level of cis-peptide configurations is observed (Fig. 5.3).
However, the amount of cis-configurations is reduced during the initial CG
simulations, indicating that cis-configurations are important for the forma-
tion of the small initial segments while larger fibers are more stable without
the cis-peptide configuration.
Another indication hereof is that the continuos fiber from the distance re-
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strained CG simulation remains stable without the cis-peptide configuration
(Fig. 5.3), hence they are not crucial for the stability of the fiber in the MAR-
TINI model [147]. Furthermore, it is evident from the self-assembly, that the
sum of the attractive intermolecular forces amounts to a larger force than
the long range electrostatic repulsive forces of the peptides N-termini with a
charge of +2. Hence it is likely that the attractive forces are also sufficiently
strong to induce the cis-configuration in naturally occurring fibers.
Indications hereof are observed in the atomistic simulation where some
peptides resume a cis-peptide configuration. This may be the result of the
disperse backbone-backbone angle distribution as it causes some intermolec-
ular Phe side chains to move apart and it becomes energetically favorable to
interact with another Phe side chain in close proximity in the opposite di-
rection (Fig. 5.2b). Hence the cis-configuration increases the stability of the
fiber, but the net stability is presumably reduced by the increased disperse
backbone-backbone angle distribution found during the atomistic simulation.
Structural Clusters
During the atomistic simulation a number of peptides adopt similar molec-
ular structures. These structures were grouped together in clusters based on
the single linkage method [161]. According to this method a structure be-
longs to a certain cluster if its RMSD compared to any other molecule in the
cluster is smaller than a certain cut-off value. The center structures of the
clusters found during the atomistic simulation using a cut-off of 0.5 Å are
shown in Fig. 5.4. Furthermore, the occurrence and number of conformers
belonging to each cluster is also listed in Fig. 5.4. Structural information of
Arg residues were not included in the analysis as they had a high degree of
conformational freedom.
Based on a Newman projection 27 main clusters should be present. How-
ever due to the influence of neighboring peptides in the fiber, a degeneracy
of the peptide configuration is found, leading to the representation of only
nine clusters in the stable fiber (Fig. 5.4). These correspond to 95.4 % of the
structures any given peptide adopts during the simulation. The remaining
structures are special structures such as the cis-configuration or short lived
structures that peptides adopt for less than 50 ps during the simulation. It
is noteworthy that nine major clusters were identified which implies a rather
strict conformational flexibility of the single peptides in the fiber. Further-
more, very few different conformers participate in the clusters. On average
a single conformer participates in 1.7 different clusters, indicating that few
cluster transitions occur. The two largest clusters, cluster 3 and 4, constitute
together 21 different peptides, hence most peptides adopt a structure belong-
ing to one of these clusters during the simulation.
It should be mentioned that cluster 4 is different from the other clusters,
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Cluster 1
11.2%
5 Conformers
Cluster 3
25,9%
11 Conformers
Cluster 2
12,6%
4 Conformers
Cluster 6
5,1%
3 Conformers
Cluster 5
10,8%
3 Conformers
Cluster 4
12,3%
10 Conformers
Cluster 8
8,2%
4 Conformers
Cluster 7
3,7%
3 Conformers
C luster 9
5,6%
3 Conformers
Figure 5.4: Overview of the center structure of the nine clusters found during the atomistic
simulation. The total occurrence and number of conformers in each cluster are also listed.
as the Phe-3 residues assumed different orientations. These structures were
considered as one single cluster as they had a large distance between the Phe-
1 and Phe-3 residues in common, rendering π-stacking interactions negligible
and hence had larger Phe side chain orientation fluctuations.
Secondary Structure
Usually secondary structure changes of large proteins require very long atom-
istic simulations in order to be reliable [162, 163]. For peptides, shorter time
scales are sufficient to simulate the folding of a disordered structure into a
near native structure [164, 165].
During the present atomistic simulation the secondary structure did not
change significantly (Fig. 5.5). It was found that 80 % of the residues have
random coil, 20 % beta-strand and occasionally assumed an alpha-helix like
configuration. Compared to another atomistic simulation of initially pre-
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Figure 5.5: The peRcentage random coil (black), beta-strand (blues) and alpha-helix (red) sec-
ondary structure the peptides assume during the atomistic simulation as a function of time.
assembled FF and FFF structures, a beta-strand content of below half of what
was determined in the current study, was reported [144]. However, exper-
imental studies indicate that nanostructures self-assembled from the FF or
FFF peptide consist of a high degree beta-sheet [50, 144]. Presumably this
deviation is due to the limited simulation time and number of peptides in
the simulation systems. It is likely that the same applies to the present study
and a much higher amount of beta-strand content would be observed exper-
imentally for the RFFFR peptide structures.
Hydrophobic Effects and H-bonds
The hydrophobic effect is a major driving force for association of apolar sub-
stances in aqueous solutions [166]. It can be enthalpy or entropy driven due
to the exclusion of water molecules from the apolar surfaces [167]. As RFFFR
consists of a hydrophilic shell and a hydrophobic core, peptide association is
expected as a result of the hydrophobic effect. From the solvent accessible
surface area (SASA) of the Phe residues as a function of time (Fig. 5.6a) it is
apparent that it decreases drastically during the self-assembly and remains
quite stable after equilibrium has been reached. This indicates that hydropho-
bic effects contributes to the self-assembly. A similar tendency and conclusion
was reached in a MARTINI simulation study of the FFF peptide [51].
The stabilizing influence of hydrogen bonds in the resulting fibers has
been studied by converting the CG system to atomistic details and perform-
ing a10 ns MD simulation with the OPLS-aa force field. To validate the ob-
tained results, semi-empirical quantum mechanical calculations with MOPAC
were compared to the OPLS-aa force field results. These simulations resulted
in on an average 3.3 hydrogen bonds formed per peptide between two pep-
tides (Fig. 5.6b). This is approximately 1.3×more hydrogen bonds than what
was reported for FF [168]. Which leads to the conclusion that RFFFR fibers
might be stabilized more by hydrogen bonds than FF structures. FF peptides
55
Chapter 5. A Computational Study of the Self-Assembly of the RFFFR Peptide
form simple head (NH+3 ) to tail (COO
−) hydrogen bonds while RFFFR form
a relative elaborate network (Fig. 5.6b). A similar complex network was ob-
served in another all atom simulation of FFF [144]. Concerning RFFFR, only
0.6 head to tail hydrogen bonds per peptide are formed while approximately
1 hydrogen bond is formed between Phe main chain to Phe main chain and
Arg side chain to Arg main chain, respectively.
Being an amphiphile, RFFFR has more contact with water molecules than
FF which forms more compact sheltered structures. For this reason a high
amount of hydrogen bonds are also formed to water molecules (Fig. 5.6c).
On average 16.4 hydrogen bonds per peptide are formed to water molecules,
where hydrogen bonds to Arg main chain and side chain constitute by far
the largest part. These bonds weaken the peptide-peptide hydrogen bonds
as water competes for the hydrogen bond interaction. Furthermore, it is
generally believed that supramolecular structures cannot be formed in water
solely based on hydrogen bonds, on account of competitive hydrogen bond
with water [169]. However, hydrophobic regions avert, to some extend, this
competition and allows for the self-assembly based on hydrophobic effects
and hydrogen bonds [170, 171]. The Phe residues in RFFFR may induce
such a compartmentalization as indicated by the relative low water hydro-
gen bond competition of Phe residues (Fig. 5.6c). This also explains why
far less peptide-water hydrogen bonds (0.5 per peptide) are observed in FF
simulations, due to the lac of hydrophilic residues.
However, in depth analysis of the peptide-water hydrogen bonds, reveal
that a large amount of these compose of peptide-water-peptide hydrogen
bonds (Fig. 5.6d). These water mediated hydrogen bonds actually add to
the stability of the fiber [172]. Each peptide forms 4.1 water mediated hy-
drogen bonds whereof 2.6, 0.9 and 0.6 water mediated hydrogen bonds are
between Arg main chain, Arg side chain and Phe main chain, respectively.
Hence Arg residues do not contribute significantly to the stability through
peptide-peptide hydrogen bonds, but in return stabilizes the fiber through
water mediated hydrogen bonds.
Compared to the MOPAC geometry optimized structures, supplied in sec-
tion 2, the total amount of peptide-peptide hydrogen bonds are consistently
low (Fig. 5.6b). In addition to the underestimation of the hydrogen bond
strength of empirical force fields [173], this might imply that the OPLS-aa
force field does not accurately account for hydrogen bonds. However, this
is not expected to alter the obtained supramolecular fiber structures signifi-
cantly, as indicated by the RMSD values obtained from the MOPAC calcula-
tions (data presented in section 2). Hence this deviation is expected to only
increase the stability of the self-assembly compared to what is observed with
the OPLS-aa force field.
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Figure 5.6: Overview of the hydrophobic effect as a function of time and hydrogen bonds as a
function of time. A hydrogen bond is counted if the doner-acceptor distance is less than 0.35 nm
and the hydrogen-donor-acceptor angle is greater than 150◦. Where ArgM is Arg main chain;
PheM is Phe main chain; ArgS is Arg side chain; PheS Phe side chain.
Phe-Phe π-Stacking
Hydrogen bonds are important to stability, but π-stacking might be even
more important. These interactions are believed to play an important role in a
wide range of phenomena including the stereo-chemistry of organic reactions
[174], protein folding [175, 176], protein self-assembly [168, 177] and DNA
and RNA base-pairing [178]. High level quantum mechanical calculations
indicate that π-stacking energies are comparable to hydrogen bonds [179].
Since, more π-stacking interactions are observed than hydrogen bonds in the
RFFFR fiber, π-stacking is expected to be the dominating stabilizing force in
the resulting fiber assembly.
Standard empirical force fields, such as GROMOS, AMBER, CHARMM
and OPLS-aa, account for π-stacking effects by modeling partial charges and
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Figure 5.7: Intermolecular Phe-Phe plane angles versus centroid distance (Rcen) of the atomistic
simulation. Data from the first nanosecond is not included.
the Lennard-Jones 12-6 potential function [180]. These force fields are rather
limited by being completely devoid of any electronic structure, hence any
charges are assigned to the nuclear center. Furthermore, since atomic charge
is not an observable it is difficult to assign partial charges, but the force fields
are parameterized to fit experimental or quantum mechanical calculated data.
A recent benchmark of different force fields found that the OPLS-aa force
field was amongst the most accurate force fields to account for non-bonded
interactions such as π-stacking interactions [173]. Despite of the underesti-
mated hydrogen bonds the OPLS-aa force field exceeded even DFT calcula-
tions [173]. Since no partial charges are used in aromatic amino acid residues
in the MARTINI force field [147] no intermolecular Phe-Phe stacking mode
is dominant during the present CG simulations.
It has been suggested that a small partial charge (< ±0.153), assigned
to the C and H atoms belonging to Phe benzene rings, favors the parallel
displaced (PD) stacking mode, while a high partial charge (> ±0.3) favors
the T-shaped stacking mode [181]. The OPLS-aa force field applies a small
partial charge (±0.115), but the PD stacking mode was not found to be the
preferred stacking mode during the simulation. Our findings conform with
the majority of experimental and computational studies indicating that the
T-shaped mode is more stable than the PD mode in proteins [182]. However,
we also observe a more complex stacking behavior concerning the interplay
between intra- and intermolecular π-stacking interactions. This may well be
related to findings from a statistical investigation of the protein data bank
that shows that over 80 % of the aromatic residues in the surveyed proteins
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interact with more than one π-π pair, rendering an exact stacking model
difficult to formulate [183].
The intermolecular Phe-Phe plane angles from neighboring Phe residues
versus centroid distance (Rcen) is illustrated in Fig. 5.7. Two maxima are
found at Phe-Phe plane angles of 87◦ and 100◦ and Phe-Phe separations of
5.5 and 10 , respectively. Thus the T-shaped mode (60-120◦) is dominant, a
hybrid mode (30-60◦ and 120-150◦) in between the T-shaped and PD mode
is common while the frequency of the PD mode (0-30◦ and 150-180◦) is low.
However, it is noteworthy that the Phe-Phe plane angles of the individual
Phe pairs tend to remain stable during the atomistic simulation.
From Fig. 5.7 it is apparent that the Rcen may be as small as 4 in the PD
stacking mode, while the Rcen between two Phe benzene rings in a T-shaped
stacking mode may only come as close as 4.5 . This phenomenon is observed
in other simulation studies of Phe stacking as well and is attributed to sterical
hindrance [168, 176].
In the 6.8 <Rcen<8.7 range, the Phe-Phe plane angles are restricted to
the T-shaped mode in the angle interval of 72-113◦. Hence Phe ring pairs
moving apart or closer need to adopt a T-shaped mode through this saddle
point. The π-stacking interaction cut-off value of 7.5 , generally applied, is
based on a statistical study of 505 non-homologous proteins from the protein
data bank [176]. This cut-off value coincides with the saddle point found in
the Phe-Phe interaction angle distribution plot (Fig. 5.7). The peptides with
a Phe-Phe plane angle maximum of 100◦ and a separation distance of 10
shown in Fig. 5.7, preferentially adopt a perpendicular orientation towards
each other. The maximum found at a separation distance of 4-5 , suggests a
similar intermolecular π-stacking behavior of the RFFFR peptide compared
to the FF and FFF peptide, as they too preferably assume T-shaped stacking
modes [51, 144, 145, 168].
MOPAC geometry optimized structures conform with these results and
only minor differences were observed in population distribution over the
angle interval, see section 2. A very similar saddle point and the same max-
imum were obtained (Fig. 2S). A minor difference between minimum Rcen
was discovered but this may be attributed the absence of PBC. It was also
observed that the propensity for Phe residues to assume a T-shape stack-
ing mode is slightly overestimated in the OPLS-aa force field compared to
MOPAC calculations.
Concerning intramolecular π-stacking interactions it is found that the Rcen
between Phe-1/Phe-3 and Phe-2 internally in the peptides are larger than the
cut-off length, rendering these interactions negligible (Fig. 5.8a). Hence the
two distinct modes found in the angle distribution analysis are a consequence
of the energetically favorable peptide configurations previously discussed.
However, it is noteworthy that no direct transitions between the two modes
are observed, indicating that a large energy barrier exists between these two
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(a) Intramolecular Phe-Phe benzene angles between Phe-2 and Phe-1
or Phe-3 residues only versus centroid distance (Rcen) of the atomistic
simulation.
(b) Intramolecular Phe-Phe benzene angles between Phe-1 and Phe-3
residues only versus centroid distance (Rcen) of the atomistic simu-
lation.
Figure 5.8: Intramolecular Phe-Phe benzene angle distributions from the atomistic simulation.
Data from the first nanosecond is not included.
different peptide configurations.
The intramolecular Phe-Phe angle distribution of Phe-1 and Phe-3 residues
is found to slightly favor the PD π-stacking mode, but a quite even distribu-
60
1. In Depth Analysis of the RFFFR Fiber Formation
tion across all three regions (0-30◦, 30-60◦ and 60-90◦) is found (Fig. 5.8b)
which is coherent with the cluster analysis (Fig. 5.4). This indicates that
the Phe side chains have a sufficient high flexibility to enable them to as-
sume an intermolecular T-shaped stacking mode. Whereas intramolecular
Phe residues do not favor any specific stacking mode in RFFFR, the T-shaped
mode is dominant both inter- and intramolecular in FF and FFF peptide struc-
tures [51, 144, 145, 168]. This difference arises from the design of RFFFR,
as Phe residues may only interact in one direction, rendering it geometri-
cally impossible that both inter- and intramolecular Phe residues stack in the
T-shaped mode. Furthermore, the intermolecular Phe residues are able to
move closer than intramolecular Phe residues (evident from Fig. 5.7 com-
pared to Fig. 5.8b). Hence π-stacking interactions are stronger for inter-
than intramolecular Phe residues, which may explain why intramolecular
Phe residues adjust their stacking mode in such a way that the intermolecu-
lar Phe residues are able to stack in a T-shaped mode.
Within the limitations imposed to the simulations and static fixation of
parameters relevant to the interactions, it is shown that intramolecular Phe-
Phe stacking orientation do not contribute the stability of the fiber. Had the
opposite been the case, the fiber may not have remained stable during the
final atomistic simulation or the MOPAC geometry optimization. However,
a somewhat over exaggerated, due to the missing PBC, average Cα RMSD
value of 2.68 Åwas found, indicating that the two models produce relative
comparable results, see section 2. Reference simulations where PBC were
unimportant, resulted in an average Cα RMSD value of 1.31 Åindicating the
high accuracy of the OPLS-aa force field.
For more details and discussion on the comparison to the semi-empirical
quantum mechanical calculations with MOPAC, see section 2.
Critical Fiber Concentration
The critical fiber concentration of RFFFR was determined from a series of
self-assembly MD simulations. Starting with randomly positioned peptides
a number of simulations with the same amount of peptides, but at differ-
ent concentrations, were performed to monitor if fibers or smaller segments
thereof were formed. Several, factors such as pH, temperature and simula-
tion system size also influences the critical fiber concentration, which was not
investigated in the present study.
An overview of the performed simulations is given in Table 5.1. The
simulations with peptide concentrations of 120 mM and 170 mM resulted in
continuous fibers rapidly.
At a peptide concentration of 100 mM, the peptides assembled into fiber
segments and in some cases a single fiber with disconnected ends was formed.
As it might have been a matter of time before these fibers assembled into one
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continuous fiber, the simulations were extended to 1 µs, after which contin-
uous fibers assembled in 2 out of 7 simulations. The extended timescale and
the low ratio of simulations where fibers assembled, indicates that 100 mM
is close to the critical fiber concentration.
The simulations with peptide concentration of 70 mM and 20 mM did not
form single or continues fibers, not even on a 1 µs timescale. Instead the pep-
tides assembled into many small fiber or micelle like structures, indicating
that these are below the critical fiber concentration. Hence it is likely that
under these simulation conditions the critical fiber concentration of RFFFR is
between 70 mM and 100 mM.
Table 5.1: Overview of simulations performed to investigate at which peptide concentrations
fibers self-assemble from initial randomly positioned peptides. All simulations contain the same
amount of peptides.
Concentration (mM) Fibers/Simulations Durations (ns)
170 1/1 200
120 1/1 200
100 2/7 1000
70 0/5 1000
20 0/1 200
To verify the results an additional series of simulations was performed
where the single continuous fiber from the simulation of the peptide concen-
tration 120 mM was inserted into a larger simulation box yielding a peptide
concentration of 100 mM and 70 mM. An overview of these simulations is
illustrated in Table 5.2.
It is apparent that the fiber remains stable in all simulations at 100 mM
peptide concentration but disassembles in all simulations at 70 mM peptide
concentration. Hence these results are coherent with the conclusion from the
self-assembly simulation series and the critical fiber concentration is found
to be in between 70 mM and 100 mM.
Table 5.2: Overview of simulations performed where the single continues fiber from the sim-
ulation with 120 mM were inserted into bigger simulation boxes in order to verify that the the
critical fiber concentration is between 70 mM and 100 mM.
Concentration (mM) Fiber Remained Stable Durations (ns)
100 5/5 200
70 0/5 200
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2 Semi-Empirical Quantum Mechanical Validation
The results obtained from the all atom MD simulation with the OPLS-aa force
fields were compared to results obtained by a semi-empirical quantum me-
chanical (SQM) approach. The MOPAC package [184] developed by Stewart
was used as the implemented module MOZYME [185] allows for the calcu-
lation of more than 1000 atoms, which is the approximate limit of standard
SQM calculations. However, MOZYME [185] utilizes a localized molecular
orbital method that allows for processing a system of 15,000 atoms in a very
fast timescale compared to other solutions. The newest MOPAC method,
PM7 [186], is additionally well known for its very high accuracy that borders
DFT-D calculations [186–188].
The OPLS-aa snapshots that was geometry optimized with MOPAC was
as follows (starting from the beginning of the OPLS-aa simulation): 2500
ps, 3750 ps, 5000 ps, 5625 ps, 6250 ps, 6875 ps, 7500 ps, 8125 ps, 8750 ps,
9375 ps and 10,000 ps. Explicit solvent from the MD snapshots were re-
moved and solvent effects were accounted for by the COSMO implicit water
model [189] with a dielectric constant of 78.4. The geometry optimization
convergence criterion was set to a maximum gradient of 10.0 kcal/mol/Å,
after which a second calculation was performed with a convergence criterion
of 5.0 kcal/mol/Å. Finally a single SCF calculation was performed to correct
any error in heat of formation.
As PBC are not possible to implement with the SQM approach, on larger
systems with many charges, a second simulation series was performed. This
series was performed in the same way as described above, but with frozen
alpha carbon atoms of the arginine residues in the peptides constituting the
ends of the fiber, enforcing the fiber to remain in a stretched configuration.
This series will be denoted the, restricted MOPAC calculations, henceforth.
RMSD of the Calculations
Since no PBC were implemented during the MOPAC calculations a large
structural difference was expected compared to the MD simulation snapshots
calculated with the OPLS-aa force field. The MOPAC calculations mimic
a free fiber with a finite length in solution, while the OPLS-aa simulations
mimic a continues infinite fiber in solution. As indicated by the RMSD val-
ues (Fig. 5.9a), the RMSD values were found to fluctuate a lot. This fluctuate
is related to the contraption and expansion of the fiber with finite length cal-
culated by MOPAC, while the continues fiber remain rather the same length
during the MD simulation. This effect was circumvented in the restricted
MOPAC calculations and yielded much more stable and in general much
lower RMSD values (Fig. 5.9b).
As a reference, four peptides in the fiber from the OPLS-aa simulation
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Figure 5.9: Overview of the RMSD values of different groups from the OPLS-aa snapshots
compared to the MOPAC geometry optimized snapshots. (Black: All atoms without hydrogen
atoms, green: All alpha carbon atoms, blue: All atoms in the phenylalanine residues, red: All
atoms in the arginine residues).
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were cut out and inserted into a large simulation box (10 nm x 10 nm x 10
nm) after which the box was filled with water. This configuration was energy
minimized and served as starting point in a 10 ns long MD simulation per-
formed with the OPLS-aa force field using the same parameters as the main
OPLS-aa simulations. This small fiber segment would never interact signifi-
cantly with its periodic mirror counterpart due to the large simulation box.
MOPAC calculations were performed on selected snapshot of this simulation.
This resulted in low RMSD values between the OPLS-aa snapshots and the
MOPAC geometry optimized snapshots (Fig. 5.9c).
Comparing the RMSD values of the simulation series (Fig. 5.9) it is appar-
ent that the MOPAC calculations deviate a lot from the OPLS-aa calculation.
However, the restricted MOPAC calculations yield some low RMSD values,
indicating that the large values of the MOPAC calculations is likely to origi-
nate form the missing PBC. Hence the Phe-Phe configuration data from the
MOPAC calculations apply to another situation than the one in the OPLS-aa
MD simulation. The restricted MOPAC calculation has an average RMSD
(Protein-H) value of 3.35 Åcompared to the OPLS-aa calculations. As the av-
erage RMSD (Protein-H) value of the reference simulation with four peptides
is 1.96 Å, the restricted MOPAC calculations are acceptable considering the
imposed imitation of PBC.
The average Ca RMSD values of the MOPAC, restricted MOPAC and
small four peptide MOPAC calculations are 5.99 Å, 2.68 Åand 1.31 Å, respec-
tively. A CHARMM simulation study [190] of eight different proteins showed
average RMSD (Ca) values (compared to the crystal structure) in the range
of 1.06 Å- 3.58 Å. The same eight proteins had average RMSD (Ca) values
ranging from 3.16 - 4.15 Åwhen the MARTINI force field was used [191]. Re-
ports of RMSD values from other studies using different all-atom force fields
(AMBER, CHARMM, GROMOS, OPLS-aa) range from 0.94 - 4 Å [192, 193].
Considering this the obtained OPLS-aa results are in very good agreement
with the restricted MOPAC calculations.
Interestingly, the Phe residues obtain the lowest RMSD values of all the
analyzed groups (Fig. 5.9). Only the Ca group from the calculations of the
small simulation consisting of four peptides obtain a lower RMSD than the
Phe residues groups. Hence the OPLS-aa Phe configurations are in very
good agreement with the configurations obtained by MOPAC. The RMSD
values of the Ca atoms are only marginal higher than the RMSD values for
Phe residues, which means that the secondary structure is not expected to
be significant different. In all simulation series, arginine residues yield the
highest RMSD value, which is not surprisingly as this group is the most
flexible group. It could also be an indication of a discrepancy between the two
water models used, as implicit solvent was used in the MOPAC calculations
while explicit solvent was used in the OPLS-aa calculations.
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Table 5.3: Overview of the peRcentage population of three stacking modes, parallel, semi-parallel
and T-shaped found from the calculation series performed with MOPAC, restricted MOPAC and
OPLS-aa of the selected snapshots. The population it only determined for intermolecular Phe
pairs with a Rcen less than 7 Å.
0Å6 Rcen 6 7.0Å MOPAC Restricted MOPAC OPLS-aa
Parallel stacking mode 18.1% 18.6% 20.1%
Hybrid stacking mode 33.7% 35.4% 20.4%
T-shaped stacking mode 48.2% 46.0% 59.5%
Table 5.4: Overview of the peRcentage population of three stacking modes, parallel, semi-parallel
and T-shaped found from the calculation series performed with MOPAC, restricted MOPAC and
OPLS-aa of the selected snapshots. The population it only determined for intermolecular Phe
pairs with a Rcen greater than 7 Åand less than 14 Å.
7Å6 Rcen 6 14.0Å MOPAC Restricted MOPAC OPLS-aa
Parallel stacking mode 14.6% 13.3% 14.0%
Hybrid stacking mode 37.7% 37.5% 34.6%
T-shaped stacking mode 47.7% 49.2% 51.4%
Intermolecular Phe-Phe Plane Angle Distribution
It is noteworthy that the intermolecular Phe-Phe plane angle distributions in
(Fig. 5.10), was calculated based on all Phe-Phe interactions within 1.4 nm.
Hence the results are not directly comparable to Fig. 5.7, where only the
Phe-Phe interactions of neighbour peptides were included in the analysis.
From Fig. 5.10, it is apparent that Phe residues preferably stack in the
T-shaped mode in both MOPAC calculations and the OPLS-aa calculations.
Furthermore, all calculations result in a saddle-point at approximately 7
Åthat is close to the before mentioned limit (7.5 Å) where Phe-Phe stack-
ing is pertinent. Hence both methods are equally accurate in determining
the cut-off value, even when simulated under different situations. The small
discrepancy between the experimental value and the simulated might be ex-
plained by the fact that 7.5 Åwas determined from an investigation of the
protein data bank [176]. Hence the analysis was based on intramolecular in-
teractions rather than intermolecular interactions, which is the case in this
study.
Overall the surface-shapes are very comparable witsplicedh only few dis-
crepancies. In the Rcen area where Phe-Phe stacking is pertinent (Rcen < 7.5 Å),
it is apparent that the Phe side-chains may approach each other more in both
MOPAC calculations than in the OPLS-aa calculations. From the MOPAC
calculations the closest observed Rcen was 3.41 Å, in the restricted MOPAC
calculations the smallest observed Rcen was 3.58 Å, while it was 3.97 Åduring
the OPLS-aa calculations. A similar tendency is observed for Phe residues
that stack in a T-shape mode, though they in general are further apart by a
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small measure, due to steric hindrance (Fig. 5.10). It is likely that this dif-
ference is related to the absence of PBC in the MOPAC calculations, however
it does not explain the discrepancy between the restricted MOPAC calcula-
tions and the OPLS-aa calculations. Hence a minor inconsistency might be
introduced by the OPLS-aa force field compared to MOPAC.
In the range 0 Å< Rcen < 7.0 Åof the Phe-Phe plane angle distribution,
a more narrow distinct local maximum is observed for both MOPAC calcu-
lation series compared to the OPLS-aa calculations (Fig. 5.10). However, a
larger population of Phe-Phe residues are found to be in a T-shaped stacking
mode in the OPLS-aa calculations (Table 5.3). Though the restrictive angle
range of the T-shaped mode in the MOPAC calculations seems rather im-
posed, Table 5.3 might imply that the propensity for Phe residues to stack in
a T-shaped mode might be somewhat exaggerated in the OPLS-aa force field.
Above the Rcen where Phe-Phe stacking is pertinent, the Phe-Phe plane
angle distribution populate a slightly broader angle range in the MOPAC
calculations compared to the restricted MOPAC calculations and even more
so, compared to the OPLS-aa calculations (Table 5.4). This may be related to
the absence of PBC in the MOPAC calculations or an effect from the poten-
tial energy surface related to the specific force fields. However, the models
conform rather well, which is an indication of the similarity in the peptide
configurations rather than a similar π stacking configuration.
Intramolecular Phe-Phe Plane Angle Distribution
The intramolecular Phe-Phe plane angle distributions in Fig. 5.11 were cal-
culated by the same method as Fig. 5.8. Hence the results are directly com-
parable, but for simplicity and to ensure that the observed MOPAC results
are not a consequence of selecting specific snapshots, the analysis was also
conducted on the same OPLS-aa snapshots.
As was the case with the thorough investigation in Fig. 5.8, the amount
of Phe-Phe interaction in the range where π-π stacking is pertinent is very
low compared to the amount of interactions above this range. The data set in
Fig. 5.11 is too low to obtain a detailed overview of the Phe-Phe plane angle
distribution in the range within 0-7.5 Å.
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Figure 5.10: Intermolecular Phe-Phe plane angle distributions versus centroid distance (Rcen)
determined from MOPAC, restricted MOPAC and OPLS-aa calculations of selected snapshots
from a 10 ns long MD simulations performed with the OPLS-aa force field. π-π stacking with
a Rcen above 7.5 Åis negligible, hence maximums above this distance yields information of the
peptide configurations rather than π-π stacking.
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Figure 5.11: Intramolecular Phe-Phe plane angle distributions versus centroid distance (Rcen)
determined from MOPAC, restricted MOPAC and OPLS-aa calculations of selected snapshots
from a 10 ns long MD simulations performed with the OPLS-aa force field. π-π stacking with
a Rcen above 7.5 Åis negligible, hence maximums above this distance yields information of the
peptide configurations rather than π-π stacking.
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However, some minor peaks appear all over the angle range (0-90◦), indi-
cating the no preferable stacking mode exists in the Rcen range of 0 - 7.5 Å. In
all calculations the minor peaks are centered on approximately 6 Å.
Above the Rcen where π-π stacking is pertinent the Phe residues prefer-
ably stack in a T-shaped mode with a Rcen of approximately 9 Åin all cal-
culations. However, in Fig. 5.8 a larger population of Phe pairs were found
to stack in a parallel mode with a separation of 11 Å. This configuration is
eliminated during MOPAC global geometry optimization, while it appears
in both the restricted MOPAC and OPLS-aa calculation series. As was the
case in Fig. 5.8, this mode is very restricted to a Phe-Phe separation of 11 Åin
the restricted MOPAC and OPLS-aa calculation with very little Rcen flexibil-
ity and few transition possibilities. Due to the absence of this configuration
in the MOPAC calculation, it is likely that the configuration is linked to a
stretched fiber. This seems likely, as Phe residues in a peptide in a stretched
fiber would need to spread wider (a larger intermolecular Phe pair separa-
tion would render the interactions negligible). Furthermore, it is know from
Fig. 5.8 that this configuration originates from Phe-2 in relation to Phe-1 and
Phe-3 and not from Phe-1 in relation to Phe-3. Hence the Phe residues in the
configuration point in opposite directions and would yield a wider peptide.
Opposed to the analysis in Fig. 5.8, no favored stacking mode is observed
at a Rcen of 11 Å. It is possible that this is due to the limited data-set. Or
it could be a random consequence of the selected snapshots missing this
configuration. However it is noteworthy that an extra major local maximum
is observed in the restricted MOPAC calculation series with an Phe-Phe plane
angle of 22◦ and a Rcen of 9 Å. This maximum was not observed in any other
analysis. The origin of this mode is unknown but it is possible that it is the
missing maximum at 20◦ and a Rcen of 11 Åfrom Fig. 5.8, that has shifted
due to the allowance of the Phe-Phe pairs to move closer. However the mode
is very distinct and seems very restrictive, indicating a very fixed peptide
configuration.
3 Other Peptides That Assemble Into Amyloid Fib-
rils
Prior to the results obtained in the above presented publication [194], a virtual
screening approach has been performed in order to identify possible candi-
dates for further detailed computational and experimental studies. The start-
ing point for this virtual screening has been the basis of other already pub-
lished results such as the self-assembled structures and MD simulations of FF
and FFF peptides [49, 52, 142–144] and the virtual screening of all tripeptides
for hydrogel self-assembly [195].
The screening for potential short peptides that self-assembled into amy-
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loid fibers included: QFFQ, FFFD, RFFR, QFFFQ, RFFFE and RFFFR. The
potential was assessed based on a 100 ns long MD simulation trajectory
performed with the MARTINI force field. According to the simulations, all
peptides formed amyloid like fibers except FFFD, which formed micell like
structures (Figure 5.12). However, the initial simulation box was cubic with
dimensions only chosen so as to satisfy a constant peptide/water ratio in
all simulations. Hence some simulation boxes might restrain a perfect fiber
formation. That is likely to be the case for the simulations of QFFQ, RFFR
and RFFFE. It is also noteworthy that the following conclusion was based
on a single simulation for each peptide and is hence not a comprehensive
investigation, but a short initial screen of the fiber formation potential.
(a) FFFD (b) QFFQ (c) RFFR
(d) QFFFQ (e) RFFFE (f) RFFFR
Figure 5.12: Final snapshot of a 100 ns long CG MD simulation performed with the MARTINI
force field and polarized CG water model. Water molecules have been made transparent for
simplicity, dark blue represents the peptide backbone, light blue is the peptide side chains and
green is the simulation box. (a) The FFFD peptide. (b) The QFFQ peptide. (c) The RFFR peptide.
(d) The QFFFQ peptide. (e) The RFFFE peptide. (f) The RFFFR peptide.
QFFFQ and RFFFR both formed the most ordered fibers and on the short-
est time scale (>10 ns). In spite of this, RFFFR was chosen as the peptide
with the greatest propensity to amyloid formation as the Arg side chain is
positively charged and hence able to better shield the hydrophobic fiber core
from water exposure.
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4 Design of a Simulation Box with Walls
Other results that are worthy to mention and were obtained prior to the above
presented publication [194] include the design of a CG MD simulation wall.
This was required to study the self-assembly process of the RFFFR peptides
into single continuous fibers in one direction. Initial simulations without
walls had chaotic fiber networks not suitable for analysis or visualising the
self-assembly. As walls have never been parameterised in the MARTINI force
field, different approaches for implementation of walls in the XY-plane were
attempted.
GROMACS walls
Though this is the native GROMACS method for implementing walls, it re-
quires a large amount of parameterizing to fit with CG MARTINI simula-
tions. The walls may consist of an arbitrary atom type, however, the LJ po-
tential and density needs to be modified. Furthermore, it only offers the
option of adding one or two walls, hence the fiber formation may proceed
in a 2D way. Due to these limitations, only a few attempts with GROMACS
walls were performed. The wall consisted of MARTINI pseudoatoms (beads)
similar to unpolarized CG water molecules with a density of 12 atoms/nm2
(dense wall as one bead has a radius of 0.21 nm and corresponds to four
water molecules).
As the wall was constructed of water like molecules, it was expected that
the interaction with the peptides would be rather inert and only gently push
the peptides away when they came very close. Instead it is apparent that the
peptides are strongly attracted to the wall (Figure 5.13a). Most likely this is
the well know phenomenon of protein adsorption onto interfaces due to a
decrease in conformational entropy compared to that of the native conforma-
tion [196].
Hence the atoms of the wall are stationary and act as a solid interface.
For this reason, thoroughly parametrisation of the LJ potential is necessary
in which case a wall consisting of moving atoms might be easier to construct.
72
4. Design of a Simulation Box with Walls
(a) GROMACS implicit
wall, 160ns.
(b) Position restrained wa-
ter wall, 10ns.
(c) Circular position re-
strained water wall, 74ns.
(d) Charged position re-
strained wall, 9ns.
(e) Wall with modified LJ
potential, 10ns.
(f) Wall with user-specified
table potential, 10ns.
Figure 5.13: Final snapshots of CG MD simulations with different walls and RFFFR peptides
that forms fibers performed with the MARTINI force field and polarized CG water model. Water
molecules have been made transparent for simplicity, dark blue represents the peptide backbone,
light blue is the peptide side chains and green represent the wall or wall atoms. (a) 160 ns long
simulation with GROMACS wall consisting of implicit atoms. (b) 10 ns long simulation with
position restrained water wall. (c) 74 ns long simulation with circular position restrained water
wall. (d) 9 ns long simulation with charged position restrained wall. (e) 10 ns long simulation
with a wall consisting of atoms having a modified LJ potential. (f) 10 ns long simulation with
wall consisting of atoms having a user-specified table potential.
Position restrained water walls
The simplest of the tested wall types consisted of moving CG water molecules
which were position restrained in the simulation box edges to form a wall.
This allows for the wall molecules to move, while still remain within the
vicinity of the wall boundaries. Hence when peptides try to push the water
molecules away from their proximate restrained position, an opposite force
is exerted onto the water molecules, which then functions as a wall.
In total eight attempts were performed with varying position restrain
strength. Some walls were constructed of CG water beads, while others con-
sisted of polarized CG water molecules. Furthermore some attempts were
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restricted in all directions, while others were only restricted in the X and
Y direction, allowing for a semiisotropic environment. Though these wall
molecules were moving and interacted with other beads in a similar way as
ordinary water molecules an entropic effect was still observed (Figure 5.13b).
Even weak restrictions resulted in an interface effect.
Circular walls
In an attempt to diminish the entropic effect, circular XY plane position re-
strained water walls were constructed. It was hoped that the reduced contact
area between peptides and the wall in a circular wall, compared to in a square
wall, would result in a diminished entropic effect. However this was not the
case. In total three attempts with varying cell diameters, leading to varying
attractive forces, were performed. In all simulations spiralling fibers along
the walls were formed (Figure 5.13c).
Charged water walls
Another wall type consisted of XY plane position restrained charged non-
polarized CG water beads. As the PME algorithm was used, the repulsive
electrostatic force between the wall and the peptides would decrease recipro-
cally. In this way, it was the hope that the attractive entropic effect would be
counteracted by an equally strong repulsive force from a partial wall charge.
In total 26 attempts with varying partial charges were performed. However,
it was observed that the magnitude of the partial charge only determined
a distance to a perimeter where the two opposing forces were equal. The
fibers would be spatially limited to stay at the border of the perimeter as
repulsive forces from the wall dominated outside and attractive entropically
effects dominated inside the perimeter (Figure 5.13d).
C6C12 potential modified walls
A more sophisticated wall type was constructed of XY plane position re-
strained CG beads with user-designed non-bonded parameters. Similar to
the charged wall, the aim was to model a counteracting repulsive force, that
would be equal to the attractive entropically effect. In total nine attempts
were performed with varying sigma and epsilon values for the LJ 12-6 poten-
tial (V(r)) as a function of the interatomic distance (r).
V(r) = 4ε
[(
σ
r
)12 − ( σr )6]
However, due to the limited range of repulsive van der Waals forces, these
attempts resulted in a similar effect as with a charged wall. A perimeter was
created where the fibers were not allowed outside with varying strictness,
depending on the sigma and epsilon values (Figure 5.13e).
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Table-specified potential walls
The most advanced way of constructing the wall was through user-specified
non-bonded tabulated potentials. This allows the user to modify and exactly
specify the potential at any given distance between two specific atom types.
In total three such attempts were performed with varying table potentials
between the wall atoms and the peptide. The table potentials were designed
to assert a repulsive force to the peptides with different strengths. Regarding
other molecules in the simulation, the wall interacted as if it consisted of
water. Two of the simulations resulted in the fibers being pushed a distance
away from the wall. However, inside this perimeter, no attractive force from
an entropical effect was observed. Hence the peptides were able to move
freely. The last simulation resulted in a near perfect wall where the peptides
were able to move freely all over the simulation box expect through the wall
(Figure 5.13f). It was observed that some fiber ends were slightly attracted
to the wall, indicating that the repulsive force should be increased by a very
small amount.
Adjusted simulation box size
Though the table-specified potential wall was well parametrized, it was de-
cided to use another method to ensure RFFFR fiber formation in only one
direction. An explicit wall requires a large simulation box which results in
an exponential amount of atoms to be calculated. Hence this is very compu-
tationally exhausting.
To omit this problem several simulations were performed to determine the
relation between the amount of peptides and the length of the formed equi-
librated RFFFR fiber. Afterwards it was observed that a single fiber would
form, spanning through the PBC in one direction only, if the simulation box
and amount of peptides was fitted. All simulations in the publicised material
mentioned above were performed based on this principle.
5 Conclusion
The RFFFR peptide was designed to form nano-fibers and the self-assembly
potential has been investigated through a combination of CG-, atomistic
MD simulations and semi-empirical quantum mechanical calculations. Arg
residues were designed to restrict the interactions of Phe-Phe in one direc-
tion and ensure solubility. Thereby the self-assembly of the peptide preferred
fiber formation over random aggregation as has been reported for FF and FFF
peptides [49, 52, 142–144].
Above a critical fiber concentration determined to be in the interval of 70
mM - 100 mM, the peptides assemble into fibers according to a three-step
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process. Initially randomly dispersed peptides aggregate into small clusters,
as these grow larger, they assume small fiber segment structures. These small
fibers grow into one large fiber spanning the PBC.
Hydrophobic effects might play an important role in the self-assembly and
the final fiber is found to be stabilized by a large amount of intermolecular
and water mediated hydrogen bonds. However, the amount is rather un-
derestimated compared to semi-empirical quantum mechanical calculations,
indicating that hydrogen bonds might play an even larger role.
π-stacking interactions between Phe residues are also found to be im-
portant for the self-assembly process. Intermolecular Phe residues favorably
stack in a distinct T-shaped mode, while intramolecular Phe residues, within
the range where π-stacking is pertinent, are found to stack in no distinct
mode. Semi-empirical quantum mechanical calculations verified these re-
sults with only minor differences between the OPLS-aa and PM7 calculations.
Among the most significant deviations were a slightly increased propensity
for Phe residues to assume T-shaped stacking modes.
As π-stacking has been proven to promote amyloid formation and is be-
lieved to be the most important factor, the RFFFR peptide has proven to
be a novel suitable model system for investigation of the formation, stabil-
ity and disassembly of amyloids as well [197–200]. Furthermore, the struc-
ture formed by RFFFR has unique properties that can be exploited in other
applications such as biological nanowires with conductive properties facil-
itated through charge transport between overlapping delocalized aromatic
π-orbitals as well.
6 Methods
The MARTINI CG force field [147] used in the present study, joins in gen-
eral four heavy atoms into one CG spheres/bead. Each bead is assigned the
united properties of the enclosed atoms, substantially reducing the amount
of interactions to be calculated. In this model, the protein backbone is repre-
sented by a single bead while the individual amino acid side chains are rep-
resented by one or more beads, depending on the amino acid. Non-bonded
interactions in the MARTINI force field are parameterized from experimen-
tal data such as the partitioning free energies between amino acid side chains
and the oil/water interface. The bonded interactions in the MARTINI force
field are determined from the distribution of bond lengths, angles and dihe-
dral angles derived from protein structures from the Protein Data Bank and
comparison with atomistic force fields.
The initial self-assembly is simulated with the MARTINI force field [147]
succeeded by a distance restrained MARTINI simulation. This final struc-
ture is back-transformed into an atomistic structure. Starting from this struc-
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ture a 20 ns atomistic simulation is performed with the OPLS-aa force field
[173, 201, 202]. From the atomistic simulation, structural information of the
peptide and the π-stacking interaction of phenylalanine (Phe) residues have
been extracted. Furthermore, a series of CG simulations are performed to de-
termine the minimum peptide concentration necessary to form a single stable
nano-fiber.
All simulations were performed with GROMACS v.4.6 [203]. The initial
RFFFR structure was created and geometry optimized for an extended strand
structure within YASARA [204]. The resulting structure was converted to a
MARTINI CG peptide (Fig. 5.14) using the martinize.py v.2.4 script.
Figure 5.14: Atomistic structure of the peptide (RFFFR), created in YASARA (blue) and the cor-
responding MARTINI structure. In The MARTINI model amino acid backbones are represented
by one bead (white), while side chains of arginine and phenylalanine have two and three bead,
respectively (gray).
The initial MD configuration was constructed by adding 27 CG peptides
at random positions in a box with dimensions 12nm x 5nm x 5 nm (x,y,z).
Water was then added at any sterically allowed position, amounting to 2149
MARTINI polarized water molecules. After each modification, a steepest
decent minimization with 10.000 steps was used to minimize the potential
energy of the system.
Using time steps of 20 fs, an isotropic simulation of 200 ns was per-
formed with the MARTINI force field v.2.2P [147]. The final configuration
was used in a 100 ns continued distance restrained CG simulation where the
Phe residues were locked in a trans-configuration, due to a observed very
slow equilibration of the cis-trans configuration. The initial velocities were
adopted from the last frame of the 200 ns long CG simulation.
The final CG structure from the distance restrained simulation was con-
verted to an atomistic structure using the Backward script [158]. Water was
removed in order to center the fiber in the simulation box, after which 8517
SPC water molecules, 108 chloride ions and 54 sodium ions were added to
ensure system charge neutrality. Then an energy minimization was per-
formed with a steepest decent minimization with 100.000 steps. This was
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followed by a 100 ps long semi-isotropic simulation with the OPLS-aa force
field [173, 201, 202] to equilibrate the system. The resulting structure was
used in a 10 ns long isotropic simulation performed with the OPLS-aa force
field with time steps of 1 fs.
The initial velocities of the first CG and atomistic simulations were as-
signed a Maxwell distribution at 323 K and 300 K, respectively. During the
CG simulations the temperature and pressure were kept constant at 323 K
and 1.013 bar with the v-rescale [205] and berendsen [206] algorithm, respec-
tively. The elevated temperature was adopted in order to prevent the system
from getting trapped in a local conformational energy minima during the
self-assembly. The atomistic simulation was kept at 300 K and 1.013 bar with
the Nose-Hoover [207] and Parrinello-Rahman [208] algorithm, respectively.
This close to room temperature was adopted as the elevated temperature
was no longer needed. In both the CG and atomistic simulations periodic
boundary conditions (PBC) were applied in all directions and electrostatic
interactions were calculated by the particle mesh ewald [209] (PME) algo-
rithm with a real space cut-off at 1.5 nm in the CG simulations and 1 nm in
the atomistic simulation.
Selected snapshots from the all atom simulation were geometry opti-
mized by semi-empirical quantum mechanical (SQM) calculations using the
MOPAC [184] package. The MOPAC package [184] developed by Stewart was
used as the implemented module MOZYME [184] allows for the calculation
of more than 1000 atoms, which is the approximate limit of standard SQM
calculations. However, MOZYME [184] utilizes a localized molecular orbital
method that allows for processing a system of 15,000 atoms in a very fast
timescale compared to other solutions. The newest MOPAC version allows
for the use of the new PM7 [186] method which is additionally well known
for its very high accuracy that borders DFT-D calculations [186, 187, 210].
The OPLS-aa snapshots that was geometry optimized with PM7 [186] was
as follows (starting from the beginning of the OPLS-aa simulation): 2500
ps, 3750 ps, 5000 ps, 5625 ps, 6250 ps, 6875 ps, 7500 ps, 8125 ps, 8750 ps,
9375 ps and 10,000 ps. Explicit solvent from the MD snapshots were re-
moved and solvent effects were accounted for by the COSMO implicit water
model [189] with a dielectric constant of 78.4. The geometry optimization
convergence criterion was set to a maximum gradient of 10.0 kcal/mol/Å,
after which a second calculation was performed with a convergence criterion
of 5.0 kcal/mol/Å. Finally a single SCF calculation was performed to correct
any error in heat of formation.
As PBC are not possible to implement with the SQM approach, on larger
systems with many charges, a second simulation series was performed. This
series was performed in the same way as described above, but with frozen
alpha carbon atoms of the arginine residues in the peptides constituting the
ends of the fiber, enforcing the fiber to remain in a stretched configuration.
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This series will be denoted the "restricted PM7 calculations" henceforth. As
a reference a 10 ns all atom MD simulation was performed containing only
four peptides in a large simulation box. Hence PBC were not important
during this simulation and subsequent PM7 calculations yielded relatively
low RMSD values.
Additionally, a series of CG simulations with varying peptide concentra-
tions were performed to determine the minimum concentration at which pep-
tides assembled into stable fibers. These simulations were all carried out with
the same parameters as the non-distance restrained CG simulation. To im-
prove validity of the results, more simulations were performed with concen-
trations close to the critical fiber concentration. The simulations had different
initial velocities in order to cover a wider conformational space. Furthermore,
the critical fiber concentration was confirmed in another MD simulation se-
ries where a stable fiber was inserted into a simulation box corresponding to
the concentrations above and below the critical fiber concentration. In this
way it was possible to study fiber stability or disassembly.
Simulation time of CG and atomistic simulations do not scale 1:1 and a
direct translation is often difficult. The MARTINI time compared to atomistic
time is in general scaled by a factor of 4 [148, 211], but several other factors
have been reported earlier [212, 213]. For this reason actual simulation rather
than effective time has been used throughout this paper.
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Chapter 6
The Physical Properties and
Self-Assembly Potential of
the RFFFR Peptide
The ability of natural proteins to form supramolecular structures [214] has
been known for a long time to be responsible for many biological functions
such as S-layer proteins that cover the outer cell membrane of some organ-
isms [215]. Peptides are also known to self-assemble in nature and apart
from other structures [216, 217] can form amyloid fibers related to natural bi-
ological functions [218, 219] or several human disorders [137, 138]. Recently,
the self-assembly of designer peptides has also attracted a tremendous in-
terest owing to their ability to form supramolecular structures with high
bio-compatibility, chemical diversity and potential solubility in aqueous solu-
tions [220–222]. The applications of the formed structures are numerous and
include carrier-mediated drug delivery [223–226], tissue engineering [227],
antimicrobial agents [228], fluorescent probes [229], energy storage [230],
biomineralization [231], membrane protein stabilization [232] and bioinspired
electronics such as field-effect transistors [233], microprobes [234], microar-
rays [234], biosensing devices [235], diodes [236] and nanotubes as conductive
wires [234, 237].
As self-assembling peptides are mainly known from amyloid fibers, these
peptides are often used as scaffold to develop designer peptides. One scaffold
that has been widely used is the core sequence of the Amyloid beta peptide
(Aβ), β(16-20) KLVFF [48] or Aβ(17-21) LVFFA [238]. Due to the presence of
the FF motif in both sequences and the identification of aromatic residues as
having the highest propensity to cause amyloid formation [239], the peptides
FF have been extensively studied by many groups [50, 142]. Later the FFF
81
Chapter 6. The Physical Properties and Self-Assembly Potential of the RFFFR
Peptide
peptide was also studied [144]. However, neither peptide forms amyloid
fibers, but a variety of other structures. Instead, peptides that form amyloid
fibers or fibers are often peptide amphiphiles or peptides with alternating
hydrophobic and hydrophilic amino acids.
Fibers of peptides have attracted interest for many applications owing to
the ease of synthesis, high biocompatibility and biodegradability [240–242].
This includes biomedical applications such as drug-delivery systems [243],
analyte detection [244], biomarker sensing [245], tissue engineering [246],
immune response modulators [247] and cell fate controller [248]. Fibers of
peptides also demonstrate potential for electronic devices as it allows for sig-
nificant downscaling of the sizes of circuit components compared to what
is possible with traditional inorganic semi-conductor technology [249]. Fur-
thermore, peptide self-assembled fibers may also be applicable in material
science due to their unique mechanical silk-like properties [250, 251].
Recently the self-assembly of the RFFFR peptide was investigated by coarse
grained molecular dynamics (MD) simulations, atomistic MD simulations
and semi-empirical calculations that indicated an amyloid fiber formation
[194]. The motivation for the modification of the FF and FFF peptide is to di-
rect the self-assembly process towards nano-fibers rather than the more ran-
dom aggregated structures of FF or FFF. The arginine residues are intended to
restrict the interaction of Phe residues in one direction only while the unpro-
tected N- and C-termini ensures an anti parallel configuration by inducing a
neutral C-terminus. In this way the charge of the neighboring peptides are
not proximate, ensuring that the attractive effects are sufficiently strong for
self-assembly. While the attractive effects may be dominated by "tugging in"
of hydrophobic residues, computational data further suggests that the RFFFR
amyloid fiber is stabilized by π − π stacking interactions and a complex hy-
drogen bond network.
In this paper we report the synthesis and experimental data of the self-
assembly of RFFFR. The self-assembly is investigated with different biophys-
ical methods such as spectroscopy methods, atomic force microscopy (AFM)
and scanning electron microscopy (SEM). These measurements indicate that
the structure of the amyloid fibers fit very well with the in silico data of an-
other study [194]. However, it is observed that the peptides not only form
1 dimensional fibers as predicted by simulations, but form more complex
3 dimensional fiber entangled structures in solution instead. The appli-
cations of these structures as molecular conductive wires or drug-delivery
system is demonstrated, but applications may extend to material science,
tissue engineering, advanced nanomaterial fabrication and encapsulation of
biomolecules with purpose to stabilize/preserve their function.
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1 The self-assembly process
The self-assembly of the RFFFR peptides was investigated in milliQ water
and PBS solutions with different concentrations, but the results were not sig-
nificant different as the self-assembly is not solely governed by electrostatic
interactions. To enable comparison with physiological conditions the follow-
ing results in this paper are obtained by use of 1X PBS at pH 7.4. As the pH is
far below the pKa values of the Arg side chains and termini, Arg and the N-
terminus are positively charged while the C-terminus is negatively charged.
It was observed that the RFFFR peptides assemble into fibers that curl
together and form spheres (Figure 6.1 and Figure 6.2a). Upon dilution be-
(a)
150 nm
(b)
Figure 6.1: SEM measurements of (a) RFFFR fibers untangling from spheres adsorbed on a
silicon surface. (b) closeup of Figure 6.1a.
low the critical fiber concentration (approximately 5mM) the fibers begin to
untangle (Figure 6.1 and Figure 6.2b). When the fibers have totally untan-
gled (Figure 6.2c and Figure 6.3), a dissolution process begins (Figure 6.2d-f).
These results are in agreement with the fluorescent anistropy measurements,
discussed later, and it is therefor likely that the observed AFM measurements
are not a surface induced effect or that some other peptide structure existed
which did not bind to the AFM surface. It is also unlikely that the rinsing
of the AFM surface, after incubation of the peptide solution, removed any
peptide structures as all peptide structures are tightly bound by electrostatic
interactions to the surface. Furthermore, the short environmental change in
buffer during rinsing of the sample is very short and induced configurational
changes in the assembled structures are very slow, hence it is unlikely to
effects what was observed with AFM.
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The obtained sphere-like RFFFR structures are unique from almost any
other self-assembled peptide structure, as the peptides form a structure (fibers)
that again forms a structure (spheres). Typically, peptides form a structure
comprised of the individual peptides which is also true for the closely re-
lated FFF peptide, that forms plate-like structures in aqueous solution [51]
and sphere-like structures in chloroform [252]. These peptides aggregate in a
more random way as to minimize solvent exposure and to maximize attrac-
tive forces, which is why the RFFFR peptide was designed with Arg residues
in each terminus to intentionally force the self-assembly in one direction only.
The observed entanglement of the fibers into sphere-like structures must then
be an indication that the Arg residues are not completely sufficient to limit
the self-assembly to only one direction.
The size of the spheres greatly depends on the peptide concentration
above the critical fiber concentration. Hence the time it takes for the fibers
to untangle also varies. The reason for the fiber entanglement may be to fur-
ther decrease the water accessible surface of phenylalanine residues. This is
indicated by the uniform shape of the spheres in the SEM measurements, as
any water inside the spheres would have evaporated under the high vacuum
conditions and deformed the spheres. Other studies of fibers that form com-
plex structures report of microhydrogels that binds water in the interior [253].
The difference likely originates from the hydrophobicity level of the respec-
tive peptides. Hence it is possible that the compactness of RFFFR spheres
may be controlled by reducing the polarity of the solvent or by reducing the
stabilizing forces of hydrogen bonds and that RFFFR hydrogels or untangled
fibers may be obtained under different conditions.
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Figure 6.2: AFM measurements of 10mM RFFFR solution diluted to 1mM and measured at
different time intervals. (a) 0 min. (b) 30 min. (c) 60 min. (d) 120 min. (e) 240 min. (f) 480 min.
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Figure 6.3: Closeup of Figure 6.2c.
The height profile from the AFM measurements of the individual fibers
(Figure 6.4b) suggest a fiber height of 0.6-1.2 nm. This approximately coin-
cides with the 0.8-2.4 nm reported earlier in a computational study of the self-
assembly process (Figure 6.4a) [194]. The deviation is likely to originate from
the environmental difference as the AFM measurements were performed on
"dry" fibers with the arginine side chains attracted to the mica surface, while
the simulations were performed in solution. Furthermore, the antiparallel as-
sembly of the peptides, may cause the fibers to adsorb with the shorter width
perpendicular to the mica surface, as only half of the positively charged argi-
nine residues are in contact with the negatively charged mica surface other-
wise. Hence the height difference between the height measured with AFM
and predicted in the computational study [194] is sufficiently small, that it
verifies a similar self-assembly. This demonstrates the potential of designing
self-assembling peptides and predicting the resulting structure by the coarse
grained MARTINI model [147] and the new PM7 [186] semi-empirical ap-
proach.
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Figure 6.4: Comparison of measured and calculated fiber width. (a) Two height profiles of the
RFFFR fibers and their position on the AFM measurement (Figure 6.2c) indicated by the green
lines. (b) Theoretical fiber width of the fiber self-assembled in a previously reported molecular
dynamics study [194].
87
Chapter 6. The Physical Properties and Self-Assembly Potential of the RFFFR
Peptide
190 200 210 220 230 240 250
Wavelength [nm]
0
5
10
15
20
C
D
 [m
de
g]
12mM
10mM
8mM
6mM
4mM
3mM
2mM
1mM
Figure 6.5: CD spectroscopy recorded from 190-250 nm with different RFFFR peptide concentra-
tions.
The stabilizing forces of the RFFFR fibers
Most self-assemblies are driven by hydrophobic effects or electrostatic forces,
however, the stabilizing intramolecular forces are equally important. Many
structures are stabilized by hydrogen bonds between β-sheets and a recent
trend is to use π − π stacking in guided assembly [249, 254].
CD spectroscopy measurements did not show any signals that could be
related to a beta sheet structure (Figure 6.5). This is likely because of the
small size of the peptides, the low solution concentration and the very com-
pact form of spheres. Instead spectra are dominated by a single peak with
a maximum located in the range of 219-224 nm depending on the peptide
concentration. These peaks arise from either n→ π∗ or π → π∗ transitions.
However, the assignment is not unambiguous as π → π∗ is often ob-
served as a sharp strong peak at around 197-200 nm, while the n→ π∗ is the
lowest energy amide band typically observed in the 210-230 nm range as a
lower broader peak [255]. Spectra conforming to this have been reported for
Aβ inspired peptides [256, 257].
The observed peaks of RFFFR are located in the range where n → π∗
transitions typically occur and are relatively broad. However, very similar
CD spectra of other short self-assembling peptides and other aromatic sys-
tems have been observed before and assigned π → π∗ transitions [258–262].
Furthermore, the peak position is red-shifted as a function of higher pep-
tide concentrations. Though the peak position is sensitive towards secondary
structure changes and β-sheet bending, it is more likely an effect of the in-
crease in sphere size, similar to the one observed when substituting an or-
ganic solvent with water [263]. Due to the sphere formation by the "tugging
in" effect of phenylalanine residues, it is likely that the π → π∗ transition
becomes more stable, resulting in a lower transition energy. A n→ π∗ transi-
tion is expected to blue-shift with increased sphere size, as the possibility for
the lone pair electrons in the ground n state to form hydrogen bonds to other
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peptide groups increases. Hence the fibers are stabilized by π − π stacking
as previously suggested by computational data [194].
To study the structure of the fibers and secondary structure of the com-
posing peptides, Thioflavin T (ThT) was used as a fluorescent probe. ThT
almost exclusively binds to β-sheet rich amyloid structures with aromatic-
hydrophobic grooves that span more than four consecutive β-strands [264–
267]. Upon binding the ThT fluorescent properties change significantly with
a huge increase in quantum yield, emission and excitation shift which is why
it is one of the most widely used probes for staining and identifying amyloid
structures [268].
Fluorescence spectroscopy measurements revealed an emission peak at
435 nm was observed when the ThT solution was excited at 353 nm (Figure
6.6a). Upon addition of RFFFR spheres/fibers, the 435 nm emission peak
disappeared (Figure 6.6a). Instead the emission peak had shifted to 485 nm
when excited with 440 nm, which was not observed for the pure ThT solu-
tion. As previously reported, this is proof of a β-sheet rich amyloid structure
in solution [264–268] even though the CD measurements did not yield any
secondary structure information. Furthermore, it is likely that the observed
structures seen in the AFM experiment are not the result of surface induced
assembly.
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Figure 6.6: Fluorescence spectroscopy spectra of ThT with RFFFR self-assembled structures (blue
line) and without RFFFR self-assembled structures (red line). (a) Recorded spectra in the interval
390-460 nm with 353 nm excitation. (b) Recorded spectra in the interval 460-520 nm with 440 nm
excitation.
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Fluorescence anisotropy spectroscopy was measured with use of Phe resi-
dues over time with the same diluted RFFFR solution as was used for the
AFM measurements, resulting in slow untangling of the fibers and subse-
quent dissolution (Figure 6.7). In contrary to what is expected of a dissolu-
tion process, the anisotropy increases over time. Typically this would have
been explained by Phe residues that moved more freely in fiber and sphere
structures than in solution, however this is not likely in this case as the self-
assembly is the result of Phe "tuggin in" effects, hydrogen bonds and π − π
stacking. Instead it can be explained by the previously computational study
of the RFFFR fibers, where the phenylalanine residues assumed strict Phe-
Phe configurations as a result of π-stacking [194]. This study further dis-
covered by atomistic and semi-empirical quantum mechanical calculations
that the Phe-Phe residues assume a T-shape π-stacking configuration [194].
As HomoFRET [269, 270] is known to occur between Trp residues [271] it
is possible that energy is transferred from one phenylalanine residue to an-
other perpendicular phenylalanine residue, explaining why the anisotropy
behaves opposite of what is expected. Hence it is believed that the increase
in anisotropy when spheres/fibers dissolve is indicative of a T-shaped π-
stacking configuration which is in good agreement with high level computa-
tional calculations of the fibers [194].
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Figure 6.7: Fluorescence anisotropy over time of the same 10mM RFFFR peptide solution that
was diluted to 1mM and used for the AFM measurements (Figure 6.2). In time interval I the
spheres are untangling. In time interval II the spheres are totally untangled and the fibers are
dissolving. In time interval III the fibers have totally dissolved.
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2 Applications of the RFFFR Structures
Molecular electronics
Molecular electronics is necessary for continued development of more pow-
erful computers as it renders it possible for down-scaling electrical compo-
nents, reduce fabrication cost, avoid poisons in the fabrication process and
allow for diverse functions by tuning of the chemical properties. In this field
DNA has attracted a tremendous amount of interest due to the self-assembly
properties and size, however it is difficult to probe the conductive proper-
ties [272]. The conductive properties of some proteins, however, have been
known for a long time, which has been explained by various theories such as
ionic transport [273], proton transport [274] or tightly bound oriented ice-like
water molecules around the protein [275]. However, in order to be appli-
cable in solid-state electronic devices the proteins need to be conductive in
a "dry" state (electron transport) [276]. While most proteins are considered
electrical insulators [237, 277, 278], some are known to be very efficient elec-
tron transporters [279–281]. Today, two prevailing mechanisms responsible
for the electron transfer, coherent tunneling [276, 279, 282] and charge hop-
ping [276, 283] exists, which may also occur concurrently.
Amide to amide groups are considered hopping sites and hydrogen bond
networks aid in this coupling [281, 284]. Furthermore, aromatic amino acids
also facilitate hopping sites through the delocalized π orbitals [285]. Hence
it is very likely that RFFFR will exhibit strong electron transport abilities
through Arg-Arg, Arg-Phe and Phe-Phe hopping sites enhanced by the pre-
viously reported complex hydrogen network [194]. Kelvin probe force mi-
croscopy (KPFM) measurements of the fibers entangled into large spheres
(Figure 6.8a) were used to measure the surface potential difference (Figure
6.8b). Very small surface potential differences, below 2 mV, between the gold
substrate and RFFFR spheres were measured (Figure 6.9), which might in-
dicate a strong conductivity. Furthermore, no charging effect was observed
during the SEM measurements (Figure 6.1) as is characteristic for insulating
materials. Similar, conductivity in peptide structures induced by stabilized by
intermolecular π − π stacking have previously been reported [234, 237, 254].
KPFM have also previously been used to prove that peptide nanodots of FF
peptides can store charges [286].
It is expected that untangled fibers have relatively higher conductivity
than the spheres, as the π − π stacking interaction and hydrogen bond net-
work is more elaborate when it is connected in only one direction. It is also
unlikely that the conductivity observed in the KPFM measurements is related
to ionic or water effects as any water bound by the spheres would have evapo-
rated and deformed the spheres in the high vacuum environment of the SEM
measurements. Hence it is likely that the untangled fibers are conductive in
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a "dry" state and have applications in solid-state electronic devices.
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Figure 6.8: AFM and subsequent KPFM measurement of RFFFR spheres on a 40 nm thick gold
layer. (a) The topology measurements. (b) The surface potential.
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Figure 6.9: Four surface potential profiles and their position on the KPFM measurement (Figure
6.8) indicated by the green lines.
Drug delivery system
Self-assembled amyloid fibril networks or microgels from peptides have pre-
viously been suggested as potential drug-delivery systems [253, 287, 288].
The reported RFFFR spheres and fibers may also be used for such applica-
tions. As the spheres form due to a tugging in effect of the phenylalanine
residues to minimize water exposure, it is likely that hydrophobic drugs,
resulting in low potency, could be incorporated into the fibers or spheres al-
lowing for a much higher potency. This also enables a controlled longterm
release of drugs with a short life time, that limits the use of many drugs,
as the fibers untangle and dissolve and the drug is slowly released (Figure
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6.1). The release period may be optimized through the sphere size, simply
by assembly at different peptide concentrations. No differences in sphere
untanglement time at very low pH conditions (approximately pH 2), similar
to those in the stomach, and normal physiological conditions were observed.
This might indicate that the structures could be used for peroral medication.
Furthermore, if the sphere surfaces were to be functionalized with molecules
having affinity towards specific targets, the encapsulated drugs would have
an increased selectivity and potential side-effects would be diminished.
3 RFFFR as Model System for ECM Based Sensing
In addition to the above presented results, experiments with the sensing of
the RFFFR structures were also attempted based on the ECM samples de-
scribed in Chapter 4.
Amyloid diseases are particularly difficult to diagnose since it requires di-
rect verification of the specific protein rather than the presence of a biomarker
[45, 46]. However, proper diagnosis is imperative as many of the diseases are
treatable but require very type specific therapy that often is intensive or inva-
sive [45–47]. However, recently the special sensitivity of chiral metamaterials
towards β-sheet rich proteins has lead to the hypothesis that these sensors
might be particularly suitable for detection of amyloid structures and could
serve as a diagnosis method [1].
To probe the possibility of using ECM based CD spectroscopy to diagnose
amyloid related diseases, the RFFFR peptide was probed as a model amyloid
system. RFFFR spheres (peptide concentration of 20 mM) were adsorbed on
the ECM surface of the sample prepared by an interpore distance of 430 nm
and glancing angle deposition of 60◦. The resulting CD responses indicate
large mode shifts (Figure 6.10) compared to the shifts induced by other pro-
teins adsorbed on PCMs reported by others [1], the PCM in this work (Figure
2.5) and on an another ECM sample (Figure 4.11).
The mode shifts are summarized in Table 6.1 and it is evident that the
RFFFR peptide spheres induced no dissymmetry factor (44λ = 4λrighthanded
− 4λle f thanded). Hence no protein fingerprint is observed. This can be ex-
plained by the isotropic way in which the spheres are configured and adsorb
on the ECM surface.
Table 6.1: Mode shifts originating from adsorption of RFFFR spheres.
4λ489nm (θ12/θ−12) 4λ413nm (θ12/θ−12) 4λ338nm (θ12/θ−12)
7/7 nm 3/3 nm 0/0 nm
When free fibers (20 mM stock solution diluted to 0.1 mM) were adsorbed
on the ECM surface, no shifts were observed. This is likely due to the very
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Figure 6.10: CD response of the ECM sample produced with a interpore distance of 430 nm
and glancing angle deposition of 60◦ with no biomolecules adsorbed on the surface and with
the RFFFR entangled fiber structures (20 mM) adsorbed on the surface. All measurements were
recorded with an ECM orientation of θ = 12◦ or θ = −12◦ while φ = 0◦ in both configurations.
low concentration and small size of the peptides. However, as large shifts
were observed for the spheres, it is likely that large amyloid fibers consisting
of fibrils will adsorb in an anisotropic way and induce a significant protein
fingerprint. Hence ECM based sensor systems can be used to diagnose some
amyloid diseases by ultra sensitive detection of the specific protein related to
a disease.
4 Conclusion
The self-assembly of the peptide RFFFR into fibers, as previously suggested,
has been experimentally confirmed. The fibers have the same dimensions,
within statistical error, as those determined by computational calculations,
indicating the same configuration as predicted. It was observed that the fibers
get entangled into spheres, possibly to further reduce the solvent accessible
area of phenylalanine residues. When these spheres were diluted below a
critical fiber concentration, the fibers untangled and dissolved after some
time.
The spheres and fibers were observed to readily bind ThT, resulting in a
significant increase in quantum yield, excitation and emission shift of ThT,
proving the presence of amyloid structure. CD spectroscopy measurements
were not indicative of any secondary structure but were dominated by elec-
tronic transitions originating from π − π stacking interactions as predicted
by previously reported computational calculations [194]. These computa-
tional calculations also indicated a very favorably T-shaped stacking mode,
explaining why an increase in fluorescence anisotropy was observed during
fiber dissolution in the present experimental study.
KPFM measurements were performed on self-assembled "dry" fibers/sphe-
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res, indicating a very high conductivity comparable to that of gold. It is
expected that the untangled fibers are more conductive than the spheres as
the fibers have a more dense π − π stacking and hydrogen bond network in
the fiber direction compared to the environment in the sphere where π − π
stacking and hydrogen bonds may be formed in all directions. These spheres
contain no water as they remained intact during SEM measurements and did
not show any charging effects. Hence the conductivity presumably origi-
nates from charge-hopping and overlapping delocalized aromatic π-orbitals
as well. This allows the RFFFR fibers to be applicable in novel bioinspired
solid-state electronic devices.
The spheres untangle and dissolve into small fibers when diluted below
the critical fiber concentration. Hence the spheres likely have potential as a
drug-delivery system. The high pH stability of the spheres indicates that it
may be a candidate for a peroral drug-delivery system.
5 Methods
RFFFR peptide synthesis. RFFFR was synthesized by solid-phase peptide syn-
thesis techniques. Standard 9-fluorenyl- methyloxycarbonyl (Fmoc)-protecting
group and activation by 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexa- fluorophosphate (HBTU) chemistry was used. The peptide was syn-
thesized both manually and using a fully automated peptide synthesizer Ac-
tivotec P-11 (ActivotecSPP, Cambridge, UK). After the final cleavage from the
resin the product was precipitated with ice-cold diethylether. The precipitate
was centrifuged down and resuspended in ice-cold diethylether, this step was
repeated 5 times with no resuspension the last time after which the pellet was
frozen in liquid nitrogen and freeze-dried. The lyophilized peptide was then
dissolved in 5% acetic acid and frozen in liquid nitrogen and freeze-dried,
this process was repeated once. The lyophilized peptide was then dissolved
in 0.1% hydrochloric acid and frozen in liquid nitrogen and freeze-dried, this
process was repeated three twice.
Some lyophilized peptide was analyzed by reverse-phase high-performance
liquid chromatography (RP-HPLC) UltiMate 3000 Standard LC Systems (Dionex,
California, USA) using a C18 semi-preparative column (Phenomenex, Califor-
nia, USA), for 60 min with a flow rate of 1 mL/min. A mobile phase of water
with 0.1% TFA was used. Sample elution was monitored using a UV-VIS de-
tector operating at 214, 240 and 260 nm. The peptide crude was found to be
over 90% pure, hence no further purification steps were taken.
RFFFR peptide solution preparation. All protein solutions were prepared
in 1x PBS buffer with pH 7.4. The exact concentrations were determined
by lambert-beers law using a thermo scientific UV-VIS spectrophotometer
(VWK International UV1 v4.60, West Chester, PA). As RFFFR contains no
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amino acids suitable for absorption of 280 nm light, the recently developed
protocol for concentration determination by absorption of 205 nm light [289],
was used with a calculated ε205 = 39620M−1cm−1.
Atomic force microscopy. AFM imaging of the untanglement of the RFFFR
fibers were done at different time intervals (0min, 30min, 60min, 120min and
240min) after a 10 mM peptide solution in 1x PBS buffer (stored over night at
room temperature) was diluted to 1mM peptide concentration. 30 µL solution
of the diluted stock solution was placed on a freshly cleaved mica surface at
the above specified time intervals and incubated for 10 min. After incubation,
the mica surface was rinsed in 1 mL milliQ water three times before it was
blow dried under a stream of dry nitrogen. The AFM measurements were
performed with a Ntegra Aura (NT-MDT, Zelenograd, Russia) operating in
tapping mode using OMCL-AC240TS cantilevers (Olympus, Japan). The data
were analyzed using freeware image processing software Gwyddion.
Thioflavin T fluorescence and fluorescence anisotropy spectroscopy. Fluores-
cence characterization of the ThT binding to RFFFR fiber spheres was carried
out using a RTC 2000 PTI spectrofluorimeter (PTI photon technology inter-
national, New Jersey, USA) at room temperature. Spectra in the range of
390-460 nm and 460-520 nm were acquired with an excitation of 353 and 440
nm, respectively, from 36 µM ThT in 1x PBS buffer and 36 µM ThT incubated
with 10 mM RFFFR for 1h in 1x PBS buffer.
The same 10 mM peptide stock solution (stored over night at room tem-
perature) that was diluted to 1 mM, used for the AFM measurements, was
used to measure fluorescence anisotropy over time. Phenylalanine residues
in RFFFR were used as fluorescent probe and an excitation and emission
maxima of 260 and 284 nm were determined and used, respectively. A RTC
2000 PTI spectrofluorimeter in a L-shaped configuration with motorized po-
larizers was used to record the G-factor and subsequent anisotropy with 3
min intervals for 195 min at room temperature. The G-factor measurements
lasted 10 sec each and the anisotropy measurements lasted 20 sec each. When
measurements were not performed, the beam was blanked. The anisotropy
calculations were performed in the PTI FeliX32 software using the formula:
r = IVV−GIVHIVV+2GIVH
where G is the correction factor:
G = IHVIHH
Both experiments used slit widths of 5 nm and a quartz cuvette with path
length of 0.2 cm.
Circular dichroism spectroscopy. CD spectra were obtained of a peptide
stock solution diluted to specific peptide concentrations (1 mM, 2 mM, 3
mM, 4 mM, 6 mM, 8 mM, 10 mM and 12mM) in 1x PBS buffer and stored
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over night at room temperature before the measurements using a J-715 spec-
tropolarimeter (Jasco Inc, Pennsylvania, USA). Spectra were recorded from
190 to 250 nm with 1 nm step, 1nm bandwidth and 2 sec collection time per
step, taking 20 averages at room temperature. A 0.1 mm quartz cuvette was
used.
Kelvin-Probe force microscopy. KPFM was used to generate a 2-dimensional
surface potential map of fibers entangled into spheres and adsorbed onto
a 40 nm thick gold film. The substrates were prepared by sputter coating
of 40 nm gold onto a Si wafer and the fiber/spheres were adsorbed on the
substrate by incubating 50 µL of 25 mM peptide solution in 1x PBS buffer on
the surface for 1 hour. The samples were investigated using an Ntegra Aura
setup (NT-MDT, Zelenograd, Russia) in Kelvin Probe mode and Platinum-
Iridium coated NSG01/Pt cantilevers (NT-MDT, Zelenograd, Russia). The
sample was mounted on a sample holder with a metal spring in order to
electrically connect the sample surface to the AFM ground, which is required
for KPFM measurements. The measurements were carried out in a two-pass
lift mode, where every line is scanned twice. In the first pass the topography
of the sample is measured in AFM mode. In the second pass the recorded
topography is used to keep the cantilever tip at a fixed predefined distance
of 10 nm to the sample, while measuring the surface potential.
Scanning electron microscopy. SEM measurements were done at high vac-
uum (1 · 10−6 mbar) and an electron high tension of 15 kV using a Zeiss
1540XB system (Carl Zeiss, Jena, Germany) and standard procedure. The
substrates were prepared by sputter coating of 40 nm gold onto a Si wafer
and the fiber/spheres were adsorbed on the substrate by diluting a 25 mM
peptide solution in 1x PBS buffer to 1 mM incubating 50 µL of the diluted
solution on the surface for 15 min.
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Chapter 7
Overall Discussion
The general purpose of this Ph.D. study was to develop plasmonic chiral
metamaterials for biomolecule sensing based on CD spectroscopy. Initial
metamaterials consisting of gammadion structures were fabricated by EBL
as this is one of the standard "top-down" approaches (Chapter 2).
One of the produced PCMs samples covered a large area and consisted
of different substructures due to a drifting stigma in the EBL process. Typ-
ically, metamaterials consist of only one substructure per sample as this en-
ables comparison with theoretical calculations and makes it easier to relate
an observation with a specific structure [1, 28, 61, 75]. However, since the
LSPR wavelength depends greatly on the shape of the substructures, a high
amount of CD modes compared to other reported chiral metamaterials (Table
2.3) and the ECMs reported in this work (Chapter 4) were observed. These
modes originate from the optical excitation of LSPR in the gold metamaterial.
Hence the observed modes from the PCM sample in this work are the sum
of the LSPR wavelengths originating from the different substructures on the
same sample. As the gammadion structure has been reported to result in
four LSPR modes [1], the remaining four modes observed from the complex
sample in this work must originate from the other structures on the sample.
Moreover, samples with diversity in substructure geometry or size usu-
ally display a broadening of the LSPR [290, 291] that generally reduces the
biosensing capabilities [292]. However, no such broadening was observed
from the PCM in this work as all of the CD modes were very distinct and
had spectral linewidths comparable to those reported for gammadions [1].
Presumably, this is because the gradual deformations happened in abrupt
laps, causing no closely related substructures and with no overlapping of
LSPR wavelengths. Exactly how many different substructures were present
on the sample or distribution thereof is difficult to estimate as many different
substructures in between the gammadion and N-shape existed.
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In traditional CD spectroscopy the analyte of interest is directly probed,
but metamaterial based CD spectroscopy relies on the changes induced by
the analyte on the LSPR modes. As the LSPR wavelength location is very
sensitive towards changes in the dielectric constant from analytes, it enables
detection of analytes in the picogram range whereas traditional CD spec-
troscopy is limited to probing analytes in the microgram range [1]. The dis-
advantage of metamaterial based CD spectroscopy compared to traditional
CD spectroscopy is that it is unable to determine the precise and quantitative
secondary structure composition of proteins. Furthermore, it is only capa-
ble of distinguishing protein fingerprints of proteins with a high content of
β-sheet secondary structure.
When an analyte of interest is adsorbed on the metamaterial surface, not
all LSPR wavelength modes are affected in the same way. This gives rise to
a specific fingerprint used to identify the analyte [1]. Hence it is important
to have sufficient modes to distinguish between similar proteins. As it was
previously observed that proteins with similar secondary structure compo-
sition could result in very different fingerprints [1], the fingerprint is likely
also related to the overall conformation. Furthermore, proteins with differ-
ent conformation could have parts of the fingerprint that were indistinguish-
able [1]. Hence a fingerprint based on three modes, as previously reported
for the gammadions [1], is likely not sufficient for an accurate assignment
in all situations. This would particularly be a problem when closely related
proteins, with almost identical secondary structure and conformation, need
to be distinguished. In this regard, the many substructures on the sample
produced in this work would help to better differentiate proteins compared
to the previously reported gammadions [1].
Because the fingerprint is based on very small wavelength shifts, the in-
tensity of the modes is also important. It was possible that the many different
substructures on the same sample in this work would decrease the inten-
sity of the modes, as fewer substructures would contribute to the respective
modes. However, relative to the much lower area of the PCM in this work
compared to the reported 25 times larger area of the gammadions [1], the
CD intensity of the modes was almost comparable to the most intense CD
mode obtained with the gammadion structure [1]. The extent of the shifts
induced by different proteins adsorbed on the PCM surface is a measure of
the sensitivity. Since the shifts observed from the PCM in this work (Table
2.4) are comparable to those previously observed by gammadions [1], the
sensitivity is also similar. For these reasons, if the substructures are carefully
designed, more substructures on the same sample yield a more complex pro-
tein fingerprint compared to other PCMs and thus a more accurate sensing
device. However, as the mirror image PCM sample could not be produced
in this work, a true protein fingerprint was not achievable as it is based on
more dissymetry factors (44λ = 4λrighthanded −4λle f thanded) which are a
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measure of the difference in the shift between two mirror image CD modes
from PCMs with opposite handedness. Hence the only disadvantage of hav-
ing more substructures on the same sample is the increased complexity in
creating two exactly similar PCM samples with opposite handedness.
To obtain a scalable way to fabricate PCM, different PS NS monolayer
methods were investigated (Chapter 3). However, compared to the table of
smallest structural features required to yield LSPR in the visible wavelength
range (Table 2.1), the PS NS methods could not produce sufficiently small
features. Some possible solutions to improve the methods are mentioned in
Chapter 3. However, another more interesting solution could be to apply the
methods to the fabrication of ECMs. The results in this work indicate that
ECMs generally produce LSPR in the visible wavelength range from larger
feature sizes compared to their PCM counterparts. While PCMs require a
feature size of about 80 nm, the ECMs in this work have larger features and
even samples with 600 nm periodicity yielded distinct CD responses in the
visible range (Chapter 4). Similar ECM hole arrays with a diameter as large
as 250 nm and a periodicity of 530 nm have been reported to yield a distinct
CD response in the visible range [28]. Such hole arrays with diameters as
small as 200 nm could easily be fabricated during this work by PS NS UV
lithography. Furthermore, this approach could also be used to fabricate more
complex hole arrays. The disadvantage of these PS NS methods may be
that the monolayers have to be perfect, as ECMs are not allowed to have an
intrinsic chiral hole array. Furthermore, mainly planar ECM structures can be
produced by PS NS lithography compared to the 3D ECM structures reported
in this work.
The major problem of PCM sensing is that two exact PCM samples are
required with opposite handedness. Even reported structures that are fab-
ricated with EBL or FIB milling have structural imperfections resulting in
different CD responses from mirror image structures [1, 28]. Furthermore, in
order to obtain the protein fingerprint by PCM based CD spectroscopy, a ref-
erence measurement and a measurement with a protein of interest adsorbed
on the PCM sample are required for each mirror image PCM structure [1].
Hence it is difficult to distinguish if the minor CD mode shifts are related to
differences in the PCM substructure properties, differences in the adsorption
experiments or an actual protein fingerprint. In efforts to avoid this prob-
lem, different ECM samples were fabricated (Chapter 4) that only exhibit an
induced chirality when the sample is probed at a non-normal angle of in-
cidence. Hence both enantiomeric structures can be realized with the same
sample by inverting the tilt of the sample. This allows for very reliable pro-
tein fingerprint measurements and an easy implementation into commercial
devices compared to the previously reported PCM based sensing [1].
Another advantage of the ECMs fabricated in this work was the diver-
sity of achievable substructures and the scalability of the ECM fabrication
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process. Metamaterials with LSPR in the visible wavelength range generally
require very small features that are mainly obtainable by EBL or FIB milling
(Table 2.1). These methods are generally time-consuming, expensive and not
suited for high throughput production. Hence only very small metamate-
rial areas fabricated by these methods have previously been reported (Table
2.2). This generally limits the implementation of metamaterials to academic
research rather than implementation into consumer devices. Compared to
the reported areas of PCMs (Table 2.2) and the PCM sample with the largest
area prepared in this work (1× 1mm2) which required 12 hours writing in
the EBL system, ECMs were produced in arbitrary sizes in 2 hours by using
the novel approach developed in this work.
Regarding reproducibility, other samples produced by high throughput
techniques such as the spiral structures created by glancing angle deposition
[88] produced samples with opposite handedness that exhibit very imperfect
mirror image CD responses. Similar scaffold ornamentation of ZnO nanopil-
lars displays some large differences between mirror image structures [25].
Even chiral nanoparticles do not result in an exact mirror image CD response
when the mirror image sample is probed [24, 125]. Furthermore, it is likely
that all PS NS methods will also result in very different PCM samples, as each
sample requires a new monolayer that will never be exactly alike or defect
free. Hence it is difficult to integrate metamaterials, fabricated by most high
throughput methods, into commercial devices as each sample would require
calibration because no samples are similar. However, the ECMs in this work
were produced by a novel combination of thermal nanoimprint and glancing
angle deposition (Chapter 4). Because the master mold does not deteriorate
in the process, it can be used infinite times to produce the same sample over
and over again. In this way, each sample will yield the same CD response
that only has to be calibrated once.
Features as small as 31 nm were achieved by using the proximity effect
in the EBL process while only larger features were produced by the novel
method for ECM fabrication. However, the ECM fabrication method is still
capable of producing small features if the parameters of the anodic oxida-
tion process, used for fabricating the master mold, is optimized for smaller
interpore distances and deeper holes.
PCM sensing is based on localized surface plasmons and ECM sensing
is based on surface plasmon polaritons [28]. This explains many of the ob-
served differences between the PCMs and ECMs fabricated in this work. For
instance, localized surface plasmons are generally only sensitive towards the
local geometry of areas comparable or smaller than the operating wavelength,
while surface plasmon polariton are sensitive to large areas. This is why
PCMs are insensitive to the angle of incident light. Another difference is the
sensing distance (the distance from the metamaterial surface where the plas-
monic effect is sensitive to changes in the dielectric constant). Localized sur-
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face plasmons are limited to a 10-50 nm range [89–91], but surface plasmon
polaritons are a coupling between surface plasmons in the metal and elec-
tromagnetic waves in the dielectric medium which can extend much further.
For a gold/water interface, electromagnetic waves have a decay length of ap-
proximately 150-400 nm in the measured CD wavelength range [293, 294].
For this reason, the produced ECMs should be far more sensitive than PCMs
in general. However, The protein fingerprint was only obtainable for proteins
that were adsorbed as an isotropic layer. Hence proteins in a solution will not
yield any fingerprint and the longer sensing distance of ECMs are therefore
not applicable. However, if an ECM was developed that consisted of layered
metal films, a significant improved sensitivity might be observed as the sur-
face plasmon polariton would be able to "sense" proteins adsorbed on other
metal layers as well.
While the ECMs did not show improved sensing sensitivity compared to
the PCMs in this work, both structures are equally sensitive as the previously
reported gammadion PCMs [1]. These materials are capable of sensing pro-
teins in the picogram quantity by using CD spectroscopy [1]. Even though
this is termed ultra sensitive [1], classical metamaterial LSPR shift based sens-
ing is far more sensitive and capable of detecting even single molecules [17].
The advantage of chiral metamaterial sensing is that a protein fingerprint is
acquired by label-free means. Standard LSPR shift based sensing can also be
label-free [17] however it is impossible to determine which molecule causes
a certain shift without functionalizing the metamaterial surface. Hence it is
doubtful that standard functionalized metamaterials can be used more than
once and they require an array of functional sensors to be sensitive to more
than one molecule, whereas chiral metamaterials can identify many different
molecules by label-free means. The special sensitivity of chiral metamaterials
towards β-sheet rich proteins has spawned the hypothesis that these sensors
might be particularly suitable for the detection of amyloid structures [1].
To verify this postulation, a peptide that forms amyloid fibers was devel-
oped and studied by computational means (Chapter 5). The simulations con-
firmed that the peptide indeed formed amyloid fibers with β-sheet secondary
structure. The peptide was also studied empirically and the amyloid forma-
tion was confirmed by specific fluorescent probes and AFM measurements
(Chapter 6). Although many atomistic details from the simulation could ex-
plain different empirically observed results, the empirical self-assembly was
more advanced as the fibers entangled into spheres. When diluted below the
critical fiber concentration, the spheres untangled into free fibers which then
slowly dissolved. Even though the MARTINI force field generally produces
some very realistic results [195], the failure to predict the fiber entanglement
is likely related to the starting conditions.
Hence in order to simulate the self-assembly of fibers that entangle into
spheres, many more peptides in the same simulation box might be necessary.
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Such MD simulations with the MARTINI force field have previously been
reported for the related FF and FFF peptides, consisting of systems with 600
peptides [51, 168]. These simulations have lead to self-assembled spheres,
vesicles and tube structures. However, the major difference between these
simulations and the RFFFR simulations is that the FF and FFF structures are
formed from the individual peptides whereas the RFFFR spheres consist of
entangled fibers consisting of RFFFR peptides. Furthermore, the fiber should
not be able to span through the PBC as continuous fibers need to make a
fiber break, which results in an energy barrier, before initiation of sphere
formation is possible. Hence a much larger simulation box is required to first
form fibers that do not pass through the PBC and consequently will entangle
into a sphere.
While CG force fields such as MARTINI may enable the simulation of
such large systems, the paradigm of atomistic simulations is that they are
limited to either a large system with a timescale too short to predict any nat-
ural self-assembly phenomena or a small system that often does not represent
the complexity of reality but has a long timescale [295]. Hence a sufficient
large atomistic RFFFR system that would be able to form spheres, would
likely be too computationally exhaustive and require supercomputers. Fur-
thermore, this would also make semi-empirical quantum mechanical simu-
lations impossible as the PM7 force field [186], which is perhaps the best
semi-empirical force field for large systems, is limited to systems consisting
of less than 15,000 atoms. Hence a large quantity of structural information
would be lost as only the MARTINI force fields would be applicable.
An example of such information could be the observed cis-configuration
of the phenylalanine side chains in the RFFFR peptides during the self-
assembly (Chapter 5). Initially, very high amounts of cis-configurations were
being observed, hence a modified force field was developed to restrict this
configuration as it was believed to be an artefact (Figure 5.3). Later, the same
phenomena have been observed in MARTINI simulations of larger proteins
and removed by similar methods as it was once again believed to be an arte-
fact [296]. However, when the RFFFR peptide simulations were converted to
atomistic detail, these cis-configurations reappeared at limited levels (Figure
5.3). Hence it is likely that the cis-configuration is a natural phenomenon in
short peptides that is even observed in some larger proteins, especially for
aromatic residues [160]. However, these findings would not have been ob-
served had atomistic simulations over sufficiently long timescales not been
feasible.
Furthermore, the cis-configuration explains why the fibers are able to
form solid spheres. As the spheres are solid, the fiber needs to be very flexi-
ble especially near the center of the sphere where the peptides need to be able
to adopt very large backbone-backbone tilts. However π − π stacking only
occurs at a very limited range [176] and therefore a large backbone-backbone
104
tilt would break the interaction resulting in an increase in potential energy or
steric hindrance. These effects are reduced if the phenylalanine side chains
are allowed to assume a cis-configuration, enabling the fibers to entangle into
spheres.
The ability of the fibers to entangle into spheres is important for the
metamaterial based CD methods as the peptide structure is adsorbed in an
isotropic manner on the metamaterial surfaces. Consequently, a protein fin-
gerprint was not obtainable from the spheres by PCM or ECM based CD
spectroscopy. Even when free fibers (spheres diluted below the critical fiber
concentration) were adsorbed on the ECM surface, no shift or protein fin-
gerprint was observed. The lack of a distinct protein fingerprint is likely
related to the small size of the peptides and the very low peptide concentra-
tion needed to form free fibers (0.1 mM in this experiment).
The sphere structures did induce huge CD wavelength shifts. These re-
markably large shifts were caused by the larger size of the spheres compared
to normal proteins, as the shift is induced by a change in dielectric constant
in the vicinity of an ECM surface. This surface area is defined by the de-
cay length of the surface polaritons for ECMs, and can extend to 150-400 nm
in the measured CD wavelength range for a gold/water interface. In this
regard, the experiments confirmed that large peptide structures yield large
shifts. Hence it is likely that the typically large assembly of amyloid fibers
consisting of smaller fibrils will adsorb in an anisotropic manner and cause
a significant protein fingerprint, enabling the detection of proteins in very
small amounts. For these reasons, ECM and PCM based sensing methods are
very efficient sensor systems for amyloid structures and might be used for
diagnosis of some amyloid related diseases at an early stage.
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A computational study of the self-assembly of the
RFFFR peptide
Morten Slyngborg and Peter Fojan*
The b-amyloid peptide sequence, LVFFA, inspired the investigation of the fiber formation potential of the
RFFFR peptide. The self-assembly was studied in silico by coarse grained-, atomistic molecular dynamics
simulations and semi-empirical quantum mechanical calculations. The fiber formation was found to
occur according to a three step process starting with the emergence of small aggregates that join
together and form fiber segments that eventually form one continuous fiber. From a series of
simulations the critical fiber concentration was determined to be in the interval between 70 mM and
100 mM. To obtain more structural information of the stable fiber, the final coarse grained configuration
was backtransformed to atomistic detail. Based on this structure a 10 ns atomistic simulation was
performed, which suggests that the fiber is stabilized by hydrogen bonds and water mediated hydrogen
bonds. These stabilizing bonds are, however, reduced by competitive protein–water hydrogen bonds.
Hence, p-stacking is suspected to play a larger role in fiber stabilization. The p-stacking of inter-
molecular Phe residues are found to favor a T-shaped stacking mode, while intramolecular p-stacking
interactions assume a broad variety of modes from the parallel displaced mode to the T-shaped
stacking mode and modes in between, with equal probability. Selected snapshots from the atomistic
simulation were geometry optimized using semi-empirical quantum mechanical methods to validate the
fiber stability and p-stacking configuration. An average Ca-RMSD was determined to be 2.68 Å. These
findings indicate that the fiber may be used as a novel model system for the study of amyloid fibers or
self-assembled conductive biowires, respectively.
1 Introduction
Self-assembled protein nanostructures have attracted much
interest due to their involvement in more than 20 degenerative
diseases such as Alzheimer’s, Parkinson’s and Prion diseases.1,2
However, recent research has also been devoted to their applica-
tions in nanomaterial engineering, nanolithography, regenerative
medicine, biosensors, and drug delivery.3–6
Typically these model peptides originate from larger naturally
occurring peptides or proteins. One such example is the LVFFA
peptide, derived from the b-amyloid peptide which then plays a
crucial role in Alzheimer’s disease.7 The LVFFA peptide was later
modified to the analogous diphenylalanine (FF). This peptide
has been extensively studied and is known to self-assemble
into a large variety of structures ranging from nanotubes,8
nanowires,9 films,9,10 vertical aligned wires10 and sponge-like
structures10 depending on pH conditions.11 Recently, the
related peptide triphenylalanine (FFF) was investigated which
forms plate-like structures with lengths of several micrometers.12
Furthermore, FFF forms nanospheres without any void space
when the N-terminus is protected by a t-butyloxycarbonyl
(t-Boc) group.4
Even though the FF and FFF peptides are derived from the
core recognition motif of the Alzheimer’s b-amyloid peptide it
is still debated whether they share any structural properties
with the amyloid fibrils.8,12,13
The self-assembly process is difficult to study experimentally,
thus computational methods are an attractive approach to study
self-assembly processes.14 The self-assembly process typically
occurs on a timescale, which is outside the obtainable timescales
for atomistic molecular dynamics (MD) and Monte Carlo simu-
lations as well. In these cases coarse grained (CG) force fields
represent an appealing alternative as the total amount of atoms,
in general, is reduced by one third, allowing much larger systems
and timescales to be simulated. The MARTINI CG force field15
is amongst the most well-known and versatile force fields.
A number of complex molecules have been simulated, such as
lipids,15 sterols,16 DNA,17 sugars,18 polymers,19 nanoparticles,20
proteins21–23 as well as different solvents.15,21,24
The MARTINI CG force field15 has some limitations compared
to atomistic force fields. The structure of large biomolecules is
not reproduced accurately over time in the standard version of
the MARTINI force field.15 Furthermore, the secondary structure
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has been fixed during the course of the simulation, which
significantly restricts the phenomena that can be studied.
Additionally, the CG simulations yield less structural informa-
tion than similar atomistic simulations as some atoms are not
explicitly included. The latter limitation is circumvented in
some CG models by using multiscaling, where parts of the
simulation are in atomistic detail while the rest is represented
by a CG model.25 Another option is to translate the final CG
structure into the equivalent atomistic structure and continue the
simulation for a short period. Both options have been imple-
mented in the MARTINI model,15 but it has been of limited use
so far, due to the comprehensive workload required. However,
a recent algorithm has made the implementation of the back-
translation function more readily accessible.26
The present study investigates, for the first time, the effects
of modifying the FFF peptide to the amino acid sequence
RFFFR. The motivation for the modification is to direct the
self-assembly process towards nano-fibers, which may better
resemble amyloid fibrils than the FF or FFF structures. The
arginine residues are intended to restrict the interaction of Phe
residues in one direction only.
2 Methods
The MARTINI CG force field15 used in the present study joins in
general four heavy atoms into one CG spheres/bead. Each bead
is assigned the united properties of the enclosed atoms, sub-
stantially reducing the amount of interactions to be calculated.
In this model, the protein backbone is represented by a single
bead while the individual amino acid side chains are repre-
sented by one or more beads, depending on the amino acid.
Non-bonded interactions in the MARTINI force field are para-
meterized from experimental data such as the partitioning free
energies between amino acid side chains and the oil/water
interface. The bonded interactions in the MARTINI force
field are determined from the distribution of bond lengths,
angles and dihedral angles derived from protein structures
from the Protein Data Bank and comparison with atomistic
force fields.
The initial self-assembly is simulated using the MARTINI force
field15 succeeded by a distance restrained MARTINI simulation.
This final structure is back-transformed into an atomistic struc-
ture. Starting from this structure a 20 ns atomistic simulation is
performed using the OPLS-aa force field.27–29 From the atomistic
simulation, structural information of the peptide and the p-stacking
interaction of phenylalanine (Phe) residues have been extracted.
Furthermore, a series of CG simulations are performed to determine
the minimum peptide concentration necessary to form a single
stable nano-fiber.
All simulations were performed using GROMACS v.4.6.30
The initial RFFFR structure was created and geometry opti-
mized for an extended strand structure within YASARA31 The
resulting structure was converted to a MARTINI CG peptide
(Fig. 1) using the martinize.py v.2.4 script. The initial MD
configuration was constructed by adding 27 CG peptides at
random positions in a box with dimensions 12 nm  5 nm 
5 nm (x, y, z). Water was then added at any sterically allowed
position, amounting to 2149 MARTINI polarized water mole-
cules. After each modification, a steepest decent minimization
with 10 000 steps was used to minimize the potential energy of
the system.
Using time steps of 20 fs, a 200 ns isotropic simulation was
performed using the MARTINI force field v.2.2P.15 The final
configuration was used in a 100 ns continued distance
restrained CG simulation where the Phe residues were locked
in trans-configuration, since a very slow equilibration of the
cis–trans configuration was observed. The initial velocities
were adopted from the last frame of the 200 ns long CG
simulation.
The final CG structure from the distance restrained simula-
tion was converted to an atomistic structure using the Back-
ward script.26 Water was removed in order to center the fiber in
the simulation box, after which 8517 SPC water molecules,
108 chloride ions and 54 sodium ions were added to ensure
system charge neutrality. Then energy minimization was per-
formed by a steepest decent minimization with 100 000 steps.
This was followed by a 100 ps long semi-isotropic simula-
tion using the OPLS-aa force field27–29 to equilibrate the system.
The resulting structure was used in a 10 ns long isotropic
simulation performed using the OPLS-aa force field with time
steps of 1 fs.
The initial velocities of the first CG and atomistic simula-
tions were assigned a Maxwell distribution at 323 K and 300 K,
respectively. During the CG simulations the temperature and
pressure were kept constant at 323 K and 1.013 bar with
the v-rescale32 and Berendsen33 algorithm, respectively. The
elevated temperature was adopted in order to prevent the
system from getting trapped in local conformational energy
minima during self-assembly. The atomistic simulation was
kept at 300 K and 1.013 bar using the Nosé–Hoover34 and
Fig. 1 Atomistic structure of the peptide (RFFFR), created in YASARA
(blue) and the corresponding MARTINI structure. In the MARTINI model
amino acid backbones are represented by one bead (white), while side
chains of arginine and phenylalanine have two and three beads, respec-
tively (gray).
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Parrinello–Rahman35 algorithm, respectively. This close to
room temperature was adopted as the elevated temperature
was no longer needed. In both the CG and atomistic simula-
tions periodic boundary conditions (PBC) were applied in all
directions and electrostatic interactions were calculated by the
particle mesh Ewald36 (PME) algorithm with a real space cut-off
at 1.5 nm in the CG simulations and 1 nm in the atomistic
simulation.
Selected snapshots from the all atom simulation were
geometry optimized by semi-empirical quantum mechanical
(SQM) calculations using the MOPAC37 package. The MOPAC
package37 developed by Stewart was used as the implemented
module MOZYME37 allows for the calculation of more than
1000 atoms, which is the approximate limit of standard SQM
calculations. However, MOZYME37 utilizes a localized molecular
orbital method that allows for processing a system of 15 000 atoms
in a very fast timescale compared to other solutions. The newest
MOPAC version allows for the use of the new PM738 method which
is additionally well known for its very high accuracy that borders
DFT-D calculations.38–40
The OPLS-aa snapshots that were geometry optimized with
PM738 are as follows (starting from the beginning of the OPLS-aa
simulation): 2500 ps, 3750 ps, 5000 ps, 5625 ps, 6250 ps, 6875 ps,
7500 ps, 8125 ps, 8750 ps, 9375 ps and 10 000 ps. Explicit solvent
from the MD snapshots was removed and solvent effects were
accounted for by the COSMO implicit water model41 with a
dielectric constant of 78.4. The geometry optimization convergence
criterion was set to a maximum gradient of 10.0 kcal mol1 Å1,
after which a second calculation was performed with a convergence
criterion of 5.0 kcal mol1 Å1. Finally a single SCF calculation was
performed to correct any error in heat of formation.
As PBC are not possible to implement with the SQM approach,
on larger systems with many charges, a second simulation series
was performed. This series was performed in the same way as
described above, but with frozen alpha carbon atoms of the
arginine residues in the peptides constituting the ends of the
fiber, enforcing the fiber to remain in a stretched configuration.
This series will be denoted as the restricted PM7 calculations
henceforth. As a reference a 10 ns all atom MD simulation was
performed containing only four peptides in a large simulation
box. Hence PBC were not important during this simulation
and subsequent PM7 calculations yielded relatively low RMSD
values.
Additionally, a series of CG simulations with varying peptide
concentrations were performed to determine the minimum
concentration at which peptides assembled into stable fibers.
These simulations were all carried out with the same parameters
as the non-distance restrained CG simulation. To improve
validity of the results, more simulations were performed with
concentrations close to the critical fiber concentration. The
simulations had different initial velocities in order to cover a
wider conformational space. Furthermore, the critical fiber
concentration was confirmed in another MD simulation series
where a stable fiber was inserted into a simulation box corre-
sponding to the concentrations above and below the critical
fiber concentration. In this way it was possible to study fiber
stability or disassembly.
Simulation time of CG and atomistic simulations do not
scale 1 : 1 and a direct translation is often difficult. The MARTINI
time compared to atomistic time is in general scaled by a factor
of 4,16,42 but several other factors have been reported earlier.43,44
For this reason actual simulation rather than effective time has
been used throughout this paper.
3 Results and discussion
3.1 Peptide self-assembly
Snapshots of the CG self-assembly simulation at different time
intervals are shown in Fig. 2a. Initially all peptides are randomly
distributed in the simulation box. After 10 ns three small fiber
segments with significant defects were formed. 100 ns later,
these smaller fibers self-assemble into one fiber with defects at
the fiber ends. After 200 ns a continuous fiber was formed that
spans the entire PBC. The peptides in the fiber from the initial
CG simulation were mainly found to have an antiparallel
configuration where Phe-2 is located in proximity to Phe-1 and
Phe-3 of a neighboring peptide (Fig. 3a). However, some peptides
Fig. 2 Water molecules and CG side chains are made transparent for the sake of simplicity. (a) Snapshots from the initial 200 ns CG simulation where the
self-assembly of the nano-fiber occurs. (b) Snapshots from the continued distance restraint 100 ns CG simulation where the cis-configuration of the
peptide is prevented. (c) Snapshots from the 10 ns atomistic simulation.
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adopt a cis-configuration for a short period of time during the
initial CG simulation. Compared to atomistic simulations
of the fiber, the amount of cis-configurations is found to be
relatively high (data not shown).
For this reason the final configuration of the 200 ns long CG
simulation was used as the initial configuration for a 100 ns long
distance restraint CG simulation (Fig. 2b) where the peptide cis-
configuration was excluded. This resulted in a nearly defect free
fiber where almost all peptides were oriented antiparallel.
To regain atomistic details, the final configuration of the
100 ns long distance restraint CG simulation was converted to
an atomistic configuration and continued for 10 ns (Fig. 2c).
During simulation, the Phe residues assume distinct orienta-
tion modes at the expense of backbone–backbone angle distri-
bution which becomes more disperse.
3.2 The phenylalanine cis-configuration
The existence of cis-configurations in non-proline containing
proteins is rather scarce.45 However, a statistical investigation of
the protein data bank reveals that the majority of cis-configured
residues in non-proline containing proteins are involved in an
interaction with an aromatic residue.46 Hence we expect some Phe
residues to assume a cis-configuration during the MD simulation.
Initially a high level of cis-peptide configurations is observed
(Fig. 4). However, the amount of cis-configurations is reduced
during the initial CG simulations, indicating that cis-configurations
are important for the formation of small initial segments
while larger fibers are more stable without the cis-peptide
configuration.
Another indication hereof is that the continuous fiber from
the distance restrained CG simulation remains stable without
cis-peptide configuration (Fig. 4), hence they are not crucial for
the stability of the fiber in the MARTINI model.15 Furthermore,
it is evident from the self-assembly that the sum of attractive
intermolecular forces amounts to a larger force than the long
range electrostatic repulsive forces of the N-termini of peptides
with a charge of +2. Hence it is likely that the attractive forces
are also sufficiently strong to induce cis-configuration in naturally
occurring fibers.
Indications hereof are observed in the atomistic simulation
where some peptides resume cis-peptide configuration. This
may be the result of the disperse backbone–backbone angle
distribution as it causes some intermolecular Phe side chains
to move apart and it becomes energetically favorable to interact
with another Phe side chain in close proximity in the opposite
direction (Fig. 3b). Hence cis-configuration increases the stabi-
lity of the fiber, but the net stability is presumably reduced by
the increased disperse backbone–backbone angle distribution
found during atomistic simulation.
3.3 Structural clusters
During the atomistic simulation a number of peptides adopt
similar molecular structures. These structures were grouped
Fig. 3 Water molecules are removed in both snapshots while Phe-1 and Phe-3 residues have been highlighted in red and Phe-2 residues in orange.
Hydrogen and oxygen atoms are removed in the atomistic snapshot. (a) Close-up snapshot from the initial CG simulation that illustrates the fiber
configuration of three representative peptides in the CG simulations. It is apparent that peptides interact in an antiparallel mode as Phe-2 interacts with
Phe-1 and Phe-3 residues of other peptides. (b) Close-up snapshot from the atomistic simulation illustrating a peptide with a Phe residue in cis-
configuration. It is apparent that the backbone of the peptide with the cis-configurated Phe residue is not aligned with the residual peptides. Hence the
cis-Phe residue is forced to assume cis-configuration as it is too far away to interact with any other Phe residues.
Fig. 4 Number of Phe residues in cis-configuration as a function of time
over three simulations; initial CG simulation (black), CG simulation with
distance restraints (blue) and atomistic simulation (red). For clarity a zoom-in
of the atomistic simulation is depicted in the insert.
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together in clusters based on the single linkage method.47
According to this method a structure belongs to a certain cluster
if its RMSD compared to any other molecule in the cluster is
smaller than a certain cut-off value. The center structures of the
clusters found during the atomistic simulation using a cut-off of
0.5 Å are shown in Fig. 5. Furthermore, the occurrence and
number of conformers belonging to each cluster is also listed in
Fig. 5. Structural information of Arg residues was not included
in the analysis as they had a high degree of conformational
freedom.
Based on the Newman projection 27 main clusters should be
present. However due to the influence of neighboring peptides
in the fiber, a degeneracy of peptide configuration is found,
leading to the representation of only nine clusters in the stable
fiber (Fig. 5). These correspond to 95.4% of the structures any
given peptide adopts during the simulation. The remaining
structures are special structures such as cis-configuration or
short lived structures that peptides adopt for less than 50 ps
during the simulation. It is noteworthy that nine major clusters
were identified, which implies a rather strict conformational
flexibility of the single peptides in the fiber. Furthermore, very
few different conformers participate in the clusters. On average a
single conformer participates in 1.7 different clusters, indicating
that few cluster transitions occur. The two largest clusters,
cluster 3 and 4, constitute together 21 different peptides, hence
most peptides adopt a structure belonging to one of these
clusters during the simulation.
It should be mentioned that cluster 4 is different from other
clusters, as the Phe-3 residues assume different orientations.
These structures were considered as one single cluster as they
had a large distance between the Phe-1 and Phe-3 residues in
common, rendering p-stacking interactions negligible and hence
had larger Phe side chain orientation fluctuations.
3.4 Secondary structure
Usually secondary structure changes of large proteins require
very long atomistic simulations in order to be reliable.48,49 For
peptides, shorter time scales are sufficient to simulate the folding
of a disordered structure into a near native structure.50,51
During the present atomistic simulation the secondary struc-
ture did not change significantly (Fig. 6). It was found that 80% of
the residues had random coil, 20% beta-strand and occasionally
assumed an alpha-helix like configuration. Compared to another
atomistic simulation of initially pre-assembled FF and FFF
structures, a beta-strand content of below half of what was
determined in the current study, was reported.12 However, experi-
mental studies indicate that nanostructures self-assembled from
the FF or FFF peptide consist of a high degree beta-sheet.8,12
Presumably this deviation is due to the limited simulation time
and number of peptides in the simulation systems. It is likely that
the same applies to the present study and a much higher amount
of beta-strand content would be observed experimentally for the
RFFFR peptide structures.
3.5 Hydrophobic effects and H-bonds
The hydrophobic effect is a major driving force for the asso-
ciation of apolar substances in aqueous solutions.52 It can be
enthalpy or entropy driven due to the exclusion of water
molecules from the apolar surfaces.53 As RFFFR consists of a
hydrophilic shell and a hydrophobic core, peptide association
is expected as a result of the hydrophobic effect. From the
solvent accessible surface area (SASA) of the Phe residues as a
function of time (Fig. 7a) it is apparent that it decreases
drastically during the self-assembly and remains quite stable
after equilibrium has been reached. This indicates that hydro-
phobic effects contribute to self-assembly. A similar tendency
and conclusion were reached in a MARTINI simulation study of
the FFF peptide.54
The stabilizing influence of hydrogen bonds in the resulting
fibers has been studied by converting the CG system into
Fig. 5 Overview of the center structure of the nine clusters found during
the atomistic simulation. The total occurrence and the number of con-
formers in each cluster are also listed.
Fig. 6 The percentage random coil (black), beta-strand (blues) and alpha-
helix (red) secondary structure of the peptides are assumed during the
atomistic simulation as a function of time.
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atomistic structures and performing a 10 ns MD simulation
using the OPLS-aa force field. To validate the obtained results,
semi-empirical quantum mechanical calculations using PM7
(Section 3.7) were compared to the OPLS-aa force field results.
These simulations resulted in on an average 3.3 hydrogen
bonds formed per peptide between two peptides (Fig. 7b). This
is approximately 1.3 times more hydrogen bonds than what was
reported for FF,55 which leads to the conclusion that RFFFR
fibers might be stabilized more by hydrogen bonds than FF
structures. FF peptides form simple head (NH3
+) to tail (COO)
hydrogen bonds while RFFFR forms a relative elaborate network
(Fig. 7b). A similar complex network was observed in another all
atom simulation of FFF.12 Concerning RFFFR, only 0.6 head to
tail hydrogen bonds per peptide are formed while approximately
1 hydrogen bond is formed between the Phe main chain to the
Phe main chain and the Arg side chain to the Arg main chain,
respectively.
Being an amphiphile, RFFFR has more contact with water
molecules than FF which forms more compact sheltered struc-
tures. For this reason a high amount of hydrogen bonds are
also formed in water molecules (Fig. 7c). On average 16.4
hydrogen bonds per peptide are formed in water molecules,
where hydrogen bonds to the Arg main chain and the side
chain constitute by far the largest part. These bonds weaken the
peptide–peptide hydrogen bonds as water competes for the
hydrogen bond interaction. Furthermore, it is generally believed
that supramolecular structures cannot be formed in water solely
based on hydrogen bonds, on account of competitive hydrogen
bond with water.56 However, hydrophobic regions avert, to some
extent, this competition and allows for the self-assembly based
on hydrophobic effects and hydrogen bonds.57,58 The Phe resi-
dues in RFFFR may induce such compartmentalization as indi-
cated by the relatively low water hydrogen bond competition of
Phe residues (Fig. 7c). This also explains why far less peptide–
water hydrogen bonds (0.5 per peptide) are observed in FF
simulations, due to the lack of hydrophilic residues.
However, in depth analysis of the peptide–water hydrogen
bonds reveals that a large amount of these composed of
peptide–water–peptide hydrogen bonds (Fig. 7d). These water
mediated hydrogen bonds actually add to the stability of the
fiber.59 Each peptide forms 4.1 water mediated hydrogen bonds
whereof 2.6, 0.9 and 0.6 water mediated hydrogen bonds are
between the Arg main chain, theArg side chain and the Phe
main chain, respectively. Hence Arg residues do not contribute
Fig. 7 Overview of the hydrophobic effect as a function of time and hydrogen bonds as a function of time. A hydrogen bond is counted if the donor–
acceptor distance is less than 0.35 nm and the hydrogen-donor–acceptor angle is greater than 1501 where ArgM is the Arg main chain; PheM is the Phe
main chain; ArgS is the Arg side chain; PheS is the Phe side chain. (a) SASA per Phe residue as a function of time. Initial CG simulation (black), CG
simulation with distance restraints (blue) and atomistic simulation (red). (b) Peptide–peptide hydrogen bonds as a function of time. (c) Water–peptide
hydrogen bonds as a function of time. (d) Water mediated peptide–peptide hydrogen bonds as a function of time.
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significantly to the stability through peptide–peptide hydrogen
bonds, but in return stabilizes the fiber through water mediated
hydrogen bonds.
Compared to the PM7 geometry optimized structures, the
total amount of peptide–peptide hydrogen bonds is consis-
tently low (Fig. 7b). In addition to the underestimation of the
hydrogen bond strength of empirical force fields,29 this might
imply that the OPLS-aa force field does not accurately account
for hydrogen bonds. However, this is not expected to alter the
obtained supramolecular fiber structures significantly, as indi-
cated by the RMSD values obtained from the PM7 calculations
(see Section 3.7). Hence this deviation is expected to only
increase the stability of the self-assembly compared to what is
observed using the OPLS-aa force field.
3.6 Phe–Phe p-stacking
Hydrogen bonds are important for stability, but p-stacking
might be even more important. These interactions are believed
to play an important role in a wide range of phenomena
including the stereo-chemistry of organic reactions,60 protein
folding,61,62 protein self-assembly55,63 and DNA and RNA base-
pairing.64 High level quantum mechanical calculations indicate
that p-stacking energies are comparable to hydrogen bonds.65
Since more p-stacking interactions are observed than hydrogen
bonds in the RFFFR fiber, p-stacking is expected to be the
dominating stabilizing force in the resulting fiber assembly.
Standard empirical force fields, such as GROMOS, AMBER,
CHARMM and OPLS-aa, account for p-stacking effects by model-
ing partial charges and the Lennard-Jones 12-6 potential func-
tion.66 These force fields are rather limited by being completely
devoid of any electronic structure, hence any charges are
assigned to the nuclear center. Furthermore, since atomic charge
is not an observable it is difficult to assign partial charges, but
the force fields are parameterized to fit experimental or quantum
mechanical calculated data. A recent benchmark of different
force fields found that the OPLS-aa force field was amongst the
most accurate force fields to account for non-bonded inter-
actions such as p-stacking interactions.29 Despite the under-
estimated hydrogen bonds the OPLS-aa force field exceeded
even DFT calculations.29 Since no partial charges are used in
aromatic amino acid residues in the MARTINI force field15 no
intermolecular Phe–Phe stacking mode is dominant during the
present CG simulations.
It has been suggested that a small partial charge (o0.153),
assigned to the C and H atoms belonging to Phe benzene rings,
favors the parallel displaced (PD) stacking mode, while a high
partial charge (40.3) favors the T-shaped stacking mode.67
The OPLS-aa force field applies a small partial charge (0.115),
but the PD stacking mode was not found to be the preferred
stacking mode during the simulation. Our findings conform
with the majority of experimental and computational studies
indicating that the T-shaped mode is more stable than the PD
mode in proteins.68 However, we also observe a more complex
stacking behavior concerning the interplay between intra- and
intermolecular p-stacking interactions. This may well be related
to findings from a statistical investigation of the protein data
bank that shows that over 80% of the aromatic residues in the
surveyed proteins interact with more than one p–p pair, rendering
an exact stacking model difficult to formulate.69
The intermolecular Phe–Phe plane angles from neighboring
Phe residues versus centroid distance (Rcen) are illustrated in
Fig. 8. Two maxima are found at Phe–Phe plane angles of 871
and 1001 and Phe–Phe separations of 5.5 Å and 10 Å, respec-
tively. Thus the T-shaped mode (60–1201) is dominant, a hybrid
mode (30–601 and 120–1501) in between the T-shaped and PD
mode is common while the frequency of the PD mode (0–301 and
150–1801) is low. However, it is noteworthy that the Phe–Phe
plane angles of the individual Phe pairs tend to remain stable
during the atomistic simulation.
From Fig. 8 it is apparent that Rcen may be as small as 4 Å in
the PD stacking mode, while Rcen between two Phe benzene
rings in a T-shaped stacking mode may only come as close
as 4.5 Å. This phenomenon is also observed in other simu-
lation studies of Phe stacking and is attributed to sterical
hindrance.55,62
In the 6.8 Å o Rcen o 8.7 Å range, the Phe–Phe plane angles
are restricted to the T-shaped mode in the angle interval of
72–1131. Hence Phe ring pairs moving apart or closer need to
adopt a T-shaped mode through this saddle point. The p-stacking
interaction cut-off value of 7.5 Å, generally applied, is based on a
statistical study of 505 non-homologous proteins from the
protein data bank.62 This cut-off value coincides with the saddle
point found in the Phe–Phe interaction angle distribution plot
(Fig. 8). The peptides with a Phe–Phe plane angle maximum of
1001 and a separation distance of 10 Å shown in Fig. 8, prefer-
entially adopt a perpendicular orientation towards each other.
The maximum found at a separation distance of 4–5 Å, suggests
a similar intermolecular p-stacking behavior of the RFFFR pep-
tide compared to the FF and FFF peptides, as they too preferably
assume T-shaped stacking modes.12,13,54,55
PM7 geometry optimized structures conform with these
results and only minor differences were observed in population
distribution over the angle interval (see Section 3.7). A very similar
saddle point and the same maximum were obtained (Fig. 11).
Fig. 8 Intermolecular Phe–Phe plane angles versus centroid distance
(Rcen) of the atomistic simulation. Data from the first nanosecond are
not included.
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A minor difference between minimum Rcen was discovered but
this may be attributed to the absence of PBC. It was also
observed that the propensity for Phe residues to assume a
T-shape stacking mode is slightly overestimated in the OPLS-aa
force field compared to PM7 calculations.
Concerning intramolecular p-stacking interactions it is
found that Rcen between Phe-1/Phe-3 and Phe-2 internally in
the peptides are larger than the cut-off length, rendering these
interactions negligible (Fig. 9a). Hence the two distinct modes
found in the angle distribution analysis are a consequence of
the energetically favorable peptide configurations discussed
previously. However, it is noteworthy that no direct transi-
tions between the two modes are observed, indicating that a
large energy barrier exists between these two different peptide
configurations.
The intramolecular Phe–Phe angle distribution of Phe-1 and
Phe-3 residues is found to slightly favor the PD p-stacking
mode, but a quite even distribution across all three regions
(0–301, 30–601 and 60–901) is found (Fig. 9b) which is coherent
with the cluster analysis (Fig. 5). This indicates that the Phe
side chains have a sufficient high flexibility to enable them to
assume an intermolecular T-shaped stacking mode. Whereas
intramolecular Phe residues do not favor any specific stacking
mode in RFFFR, the T-shaped mode is dominant both inter-
and intramolecular in FF and FFF peptide structures.12,13,54,55
This difference arises from the design of RFFFR, as Phe residues
may only interact in one direction, making it geometrically
impossible for both inter- and intramolecular Phe residues to
stack in the T-shaped mode. Furthermore, the intermolecular
Phe residues are able to move closer than intramolecular
Phe residues (evident from Fig. 8 compared to Fig. 9b). Hence
p-stacking interactions are stronger for inter-molecular Phe
residues compared to intramolecular Phe residues, which may
explain why intramolecular Phe residues adjust their stacking
mode in such a way that the intermolecular Phe residues are able
to stack in a T-shaped mode.
Within the limitations imposed to the simulations and static
fixation of parameters relevant to the interactions, it is shown
that intramolecular Phe–Phe stacking orientation does not
contribute the stability of the fiber. Had it been the opposite
case, the fiber may not have remained stable during the final
atomistic simulation or the PM7 geometry optimization. How-
ever, a somewhat over exaggerated, due to the missing PBC,
average Ca RMSD value of 2.68 Å was found, indicating that the
two models produce relatively comparable results (see Section 3.7).
Reference simulations where PBC were unimportant resulted in an
average Ca RMSD value of 1.31 Å indicating the high accuracy of
the OPLS-aa force field.
3.7 Semi-empirical quantum mechanical calculations
Root mean square deviation of different calculations. Since
no PBC were implemented during the PM7 calculations a large
structural difference was expected compared to the MD simula-
tion snapshots calculated using the OPLS-aa force field. The
PM7 calculations mimic a free fiber with a finite length in
solution, while the OPLS-aa simulations mimic a continuous
infinite fiber in solution. As indicated by the RMSD values
(Fig. 10a), the RMSD values were found to fluctuate a lot. This
fluctuation is related to the contraption and expansion of the
fiber with a finite length calculated by PM7, while the continuous
fiber remains maintains the same length during the MD simula-
tion. This effect was circumvented in the restricted PM7 calcula-
tions and yielded much more stable and in general much lower
RMSD values (Fig. 10b).
As a reference, four peptides in the fiber from the OPLS-aa
simulation were cut out and inserted into a large simulation
box (10 nm  10 nm  10 nm) after which the box was filled
with water. This configuration was energy minimized and
served as the starting point in a 10 ns long MD simulation
performed using the OPLS-aa force field and the same para-
meters as the OPLS-aa simulations described in the paper.
This small fiber segment would never interact significantly
with its periodic mirror counterpart due to the large simulation
box. PM7 calculations were performed on the selected snapshot
of this simulation. This resulted in low RMSD values between
Fig. 9 Intramolecular Phe–Phe benzene angle distributions from the
atomistic simulation. Data from the first nanosecond are not included.
(a) Intramolecular Phe–Phe benzene angles between Phe-2 and Phe-1
or Phe-3 residues only versus centroid distance (Rcen) of the atomistic
simulation. (b) Intramolecular Phe–Phe benzene angles between Phe-1
and Phe-3 residues only versus centroid distance (Rcen) of the atomistic
simulation.
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the OPLS-aa snapshots and the PM7 geometry optimized snap-
shots (Fig. 10c).
Comparing the RMSD values of the simulation series
(Fig. 10) it is apparent that the PM7 calculations deviate a lot
from the OPLS-aa calculation. However, the restricted PM7
calculations yield some low RMSD values, indicating that the
large values of the PM7 calculations likely originate due to the
missing PBC. Hence the Phe–Phe configuration data from the
PM7 calculations apply to another situation than the one in the
OPLS-aa MD simulation. The restricted PM7 calculations have
an average RMSD (protein-H) value of 3.35 Å compared to the
OPLS-aa calculations. As the average RMSD (protein-H) value
of the reference simulation with four peptides is 1.96 Å, the
restricted PM7 calculations are acceptable considering the
imposed imitation of PBC.
The average Ca RMSD values of the PM7, restricted PM7
and small four peptide PM7 calculations are 5.99 Å, 2.68 Å and
1.31 Å, respectively. A CHARMM simulation study70 of eight
different proteins showed average RMSD (Ca) values (compared
to the crystal structure) in the range of 1.06–3.58 Å. The same
eight proteins had average RMSD (Ca) values ranging from
3.16–4.15 Å when the MARTINI force field was used.71 Reports
of RMSD values from other studies using different all-atom
force fields (AMBER, CHARMM, GROMOS, OPLS-aa) range
from 0.94 to 4 Å.72,73 Considering this the obtained OPLS-aa
results are in very good agreement with the restricted PM7
calculations.
Interestingly, the Phe residues obtain the lowest RMSD
values of all the analyzed groups (Fig. 10). Only the Ca group
from the calculations of the small simulation consisting of four
peptides obtain a lower RMSD than the Phe residue groups.
Hence the OPLS-aa Phe configurations are in very good agree-
ment with the configurations obtained by PM7. The RMSD
values of the Ca atoms are only marginally higher than the
RMSD values for Phe residues, which means that the secondary
structure is not expected to be significantly different. In all
simulation series, arginine residues yield the highest RMSD
value, which is not surprising as this group is the most flexible
group. It could also be an indication of a discrepancy between
the two water models used, as implicit solvent was used in the
PM7 calculations while explicit solvent was used in the OPLS-aa
calculations.
Intermolecular Phe–Phe plane angle distribution. It is
noteworthy that the intermolecular Phe–Phe plane angle distri-
butions in Fig. 11, were calculated based on all Phe–Phe inter-
actions within 1.4 nm. Hence the results are not directly
comparable to Fig. 8, where only the Phe–Phe interactions of
neighbor peptides were included in the analysis.
From Fig. 11, it is apparent that Phe residues preferably
stack in the T-shaped mode in both the PM7 calculation series
and the OPLS-aa calculations. Furthermore, all calculations
result in a saddle-point at approximately 7 Å that is close to
the before mentioned limit (7.5 Å) where Phe–Phe stacking is
pertinent. Hence both methods are equally accurate in deter-
mining the cut-off value, even when simulated under different
conditions. The small discrepancy between the experimental
value and the simulated one might be explained by the fact that
7.5 Å was determined from an investigation of the protein data
bank.62 Hence the analysis was based on intramolecular inter-
actions rather than intermolecular interactions, which is the
case in this study.
Overall the surface-shapes are very comparable with only
few discrepancies. In the Rcen area where Phe–Phe stacking is
Fig. 10 Overview of the RMSD values of the OPLS-aa snapshots com-
pared to the PM7 geometry optimized counterpart. (a) RMSD values of
OPLS-aa snapshots compared to the PM7 geometry optimized snapshots.
(b) RMSD values of OPLS-aa snapshots compared to the restricted PM7
geometry optimized snapshots. (c) RMSD values of OPLS-aa snapshots,
from a simulation with four peptides in a big simulation box, compared to
the comparable PM7 geometry optimized snapshots.
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pertinent (Rcen o 7.5 Å), it is apparent that the Phe side-chains
may approach each other more in both PM7 calculation series
than in the OPLS-aa calculations. From the PM7 calculations
the closest observed Rcen was 3.41 Å, in the restricted PM7
calculations the smallest observed Rcen was 3.58 Å, while it was
3.97 Å during the OPLS-aa calculations. A similar tendency is
observed for Phe residues that stack in a T-shape mode, though
they in general are farther apart by a small measure, due to
steric hindrance (Fig. 11). It is likely that this difference is
related to the absence of PBC in the PM7 calculations, however
it does not explain the discrepancy between the restricted PM7
calculations and the OPLS-aa calculations. Hence a minor
inconsistency might be introduced by the OPLS-aa force field
compared to the PM7 method.
In the range 0 Å o Rcen o 7.0 Å of the Phe–Phe plane angle
distribution, a more narrow distinct local maximum is observed
for both PM7 calculation series compared to the OPLS-aa calcula-
tions (Fig. 11). However, a larger population of Phe–Phe residues
are found to be in a T-shaped stacking mode in the OPLS-aa
calculations (Table 1). Though the restrictive angle range of the
T-shaped mode in the PM7 calculations seems rather imposed,
Table 1 might imply that the propensity for Phe residues to stack
in a T-shaped mode might be slightly exaggerated in the OPLS-aa
force field.
Above Rcen where Phe–Phe stacking is pertinent, the
Phe–Phe plane angle distribution populates a slightly broader
angle range in the PM7 calculations compared to the restricted
PM7 calculations and even more so, compared to the OPLS-aa
Fig. 11 Intermolecular Phe–Phe plane angle distributions versus centroid distance (Rcen) determined from PM7, restricted PM7 and OPLS-aa calculations
of selected snapshots from a 10 ns long MD simulations performed using the OPLS-aa force field. p–p stacking with a Rcen of above 7.5 Å is negligible, hence
maxima above this distance yield information of the peptide configurations rather than p–p stacking.
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calculations (Table 2). This may be related to the absence of
PBC in the PM7 calculations or an effect from the potential
energy surface related to the specific force fields. However,
the models conform rather well, which is an indication of the
similarity in the peptide configurations rather than a similar
p stacking configuration.
Intramolecular Phe–Phe plane angle distribution. The
intramolecular Phe–Phe plane angle distributions in Fig. 12
were calculated using the same method as in Fig. 9. Hence the
results are directly comparable, but for simplicity and to ensure
that the observed PM7 results are not a consequence of selecting
specific snapshots, the analysis was also conducted on the same
OPLS-aa snapshots.
As was the case with the thorough investigation in Fig. 9, the
amount of Phe–Phe interaction in the range where p–p stacking
is pertinent is very low compared to the amount of interactions
above this range. The data set in Fig. 12 is too low to obtain a
detailed overview of the Phe–Phe plane angle distribution in the
range within 0–7.5 Å. However, some minor peaks appear all over
the angle range (0–901), indicating that no preferable stacking
mode exists in the Rcen range of 0–7.5 Å. In all calculations the
minor peaks are centered on approximately 6 Å.
Above Rcen where p–p stacking is pertinent the Phe residues
preferably stack in a T-shaped mode with a Rcen of approxi-
mately 9 Å in all calculations. However, in Fig. 9 a larger
population of Phe pairs was found to stack in a parallel mode
with a separation of 11 Å. This configuration is eliminated
during PM7 global geometry optimization, while it appears in
both the restricted PM7 and OPLS-aa calculation series. As was
the case in Fig. 9, this mode is very restricted to a Phe–Phe
separation of 11 Å in the restricted PM7 and OPLS-aa calcula-
tion with very little Rcen flexibility and a few transition possibi-
lities. Due to the absence of this configuration in the PM7
calculation series, it is likely that the configuration is linked to
a stretched fiber. This seems likely, as Phe residues in a peptide
in a stretched fiber would need to spread wider (a larger inter-
molecular Phe pair separation would make the interactions
negligible). Furthermore, it is know from Fig. 9 that this configu-
ration originates from Phe-2 in relation to Phe-1 and Phe-3 and
not from Phe-1 in relation to Phe-3. Hence the Phe residues in the
configuration point in the opposite directions and would yield a
wider peptide.
Contrary to the analysis in Fig. 9, no favored stacking mode
is observed at a Rcen of 11 Å. It is possible that this is due to the
limited data-set or it could be a random consequence of the
selected snapshots missing this configuration. However, it is
noteworthy that an extra major local maximum is observed in
the restricted PM7 calculation series with an Phe–Phe plane
angle of 221 and a Rcen of 9 Å. This maximum was not observed
in any other analysis. The origin of this mode is unknown but it
is possible that it is the missing maximum at 201 and a Rcen of
11 Å from Fig. 9a, which has shifted by allowing the Phe–Phe pairs
to move closer. However the mode is very distinct and seems very
restrictive indicating a very fixed peptide configuration.
3.8 Critical fiber concentration
The critical fiber concentration of RFFFR was determined from a
series of self-assembly MD simulations. Starting with randomly
positioned peptides a number of simulations with the same
amount of peptides, but at different concentrations, were per-
formed to monitor if fibers or smaller segments thereof were
formed. Several factors such as pH, temperature and the simula-
tion system size also influence the critical fiber concentration,
which is not investigated in the present study.
An overview of the performed simulations is given in Table 3.
The simulations with peptide concentrations of 120 mM and
170 mM resulted in continuous fibers rapidly.
At a peptide concentration of 100 mM, the peptides
assembled into fiber segments and in some cases a single fiber
with disconnected ends was formed. As it might have been a
matter of time before these fibers assembled into one conti-
nuous fiber, the simulations were extended to 1 ms, after which
continuous fibers assembled in 2 out of 7 simulations. The
extended timescale and the low ratio of simulations, where
fibers assemble, indicate that 100 mM is close to the critical
fiber concentration.
The simulations with a peptide concentration of 70 mM and
20 mM did not form single or continuous fibers, not even on a
1 ms timescale. Instead the peptides assembled into many small
fiber or micelle like structures, indicating that these are below
the critical fiber concentration. Hence it is likely that under
these simulation conditions the critical fiber concentration of
RFFFR is between 70 mM and 100 mM.
To verify the results an additional series of simulations was
performed where the single continuous fiber from the simula-
tion of the peptide concentration 120 mM was inserted into
a larger simulation box yielding a peptide concentration of
100 mM and 70 mM. An overview of these simulations is illustrated
in Table 4.
It is apparent that the fiber remains stable in all simula-
tions at 100 mM peptide concentration but disassembles in all
Table 1 Overview of the percentage population of three stacking modes,
parallel, semi-parallel and T-shaped found from the calculation series
performed using PM7, restricted PM7 and OPLS-aa of the selected snap-
shots. The population is only determined for intermolecular Phe pairs with
a Rcen less than 7 Å
0 Å o Rcen o 7.0 Å PM7 (%) Restricted PM7 (%) OPLS-aa (%)
Parallel stacking mode 18.1 18.6 20.1
Hybrid stacking mode 33.7 35.4 20.4
T-shaped stacking mode 48.2 46.0 59.5
Table 2 Overview of the percentage population of three stacking modes,
parallel, semi-parallel and T-shaped found from the calculation series
performed using PM7, restricted PM7 and OPLS-aa of the selected snap-
shots. The population is only determined for intermolecular Phe pairs with
a Rcen greater than 7 Å and less than 14 Å
7 Å o Rcen o 14.0 Å PM7 (%) Restricted PM7 (%) OPLS-aa (%)
Parallel stacking mode 14.6 13.3 14.0
Hybrid stacking mode 37.7 37.5 34.6
T-shaped stacking mode 47.7 49.2 51.4
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simulations at 70 mM peptide concentration. Hence these results
are coherent with the conclusion from the self-assembly simula-
tion series and the critical fiber concentration is found to be in
between 70 mM and 100 mM.
4 Conclusions
The RFFFR peptide was designed to form nano-fibers and the
self-assembly potential has been investigated through a combi-
nation of CG-, atomistic MD simulations and semi-empirical
Fig. 12 Intramolecular Phe–Phe plane angle distributions versus centroid distance (Rcen) determined from PM7, restricted PM7 and OPLS-aa calculations
of selected snapshots from a 10 ns long MD simulations performed using the OPLS-aa force field. p–p stacking with a Rcen of above 7.5 Å is negligible,
hence maxima above this distance yield information of the peptide configurations rather than p–p stacking.
Table 3 Overview of simulations performed to investigate at what pep-
tide concentrations fibers self-assemble from initial randomly positioned
peptides. All simulations contain the same amount of peptides
Concentration (mM) Fibers/simulations Durations (ns)
170 1/1 200
120 1/1 200
100 2/7 1000
70 0/5 1000
20 0/1 200
Table 4 Overview of simulations performed where the single continuous
fiber from the simulation with 120 mM was inserted into bigger simulation
boxes in order to verify that the critical fiber concentration is between
70 mM and 100 mM
Concentration (mM) Fiber remained stable Durations (ns)
100 5/5 200
70 0/5 200
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quantum mechanical calculations. Arg residues were designed
to restrict the interactions of Phe–Phe in one direction and
ensure solubility. Thereby the self-assembly of the peptide
preferred fiber formation over random aggregation as has been
reported for FF and FFF peptides.4,9–12
Above a critical fiber concentration determined to be in the
interval of 70–100 mM, the peptides assemble into fibers
according to a three-step process. Initially randomly dispersed
peptides aggregate into small clusters, as these grow larger,
they assume small fiber segment structures. These small fibers
grow into one large fiber spanning the PBC.
Hydrophobic effects might play an important role in the self-
assembly and the final fiber is found to be stabilized by a large
amount of intermolecular and water mediated hydrogen bonds.
However, the amount is rather underestimated compared to
semi-empirical quantum mechanical calculations, indicating
that hydrogen bonds might play an even larger role.
p-Stacking interactions between Phe residues are also found
to be important for the self-assembly process. Intermolecular
Phe residues favorably stack in a distinct T-shaped mode, while
intramolecular Phe residues, within the range where p-stacking is
pertinent, are found to stack in no distinct mode. Semi-empirical
quantum mechanical calculations verified these results with only
minor differences between the OPLS-aa and PM7 calculations.
Among the most significant deviations were a slightly increased
propensity for Phe residues to assume T-shaped stacking modes.
As p-stacking has been proven to promote amyloid formation
and is believed to be the most important factor, the RFFFR peptide
has proven to be a novel suitable model system for investigation of
the formation, stability and disassembly of amyloids as well.74–77
Furthermore, the structure formed by RFFFR has unique proper-
ties that can be exploited in other applications such as biological
nanowires with conductive properties facilitated through charge
transport between overlapping delocalized aromatic p-orbitals
as well.
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Abstract
A variety of extrinsic chiral metamaterials were fabricated by a combination of self-ordering anodic oxidation of aluminum foil,
nanoimprint lithography and glancing angle deposition. All of these techniques are scalable and pose a significant improvement to
standard metamaterial fabrication techniques. Different interpore distances and glancing angle depositions enable the plasmonic
resonance wavelength to be tunable in the range from UVA to IR. These extrinsic chiral metamaterials only exhibit significant
chiroptical response at non-normal angles of incidence. This intrinsic property enables the probing of both enantoimeric structures
on the same sample, by inverting the tilt of the sample relative to the normal angle. In biosensor applications this allows for more
precise, cheap and commercialized devices. As a proof of concept two different molecules were used to probe the sensitivity of the
metamaterials. These proved the applicability to sense proteins through non-specific adsorption on the metamaterial surface or
through functionalized surfaces to increase the sensing sensitivity. Besides increasing the sensing sensitivity, these metamaterials
may also be commercialized and find applications in surface-enhanced IR spectroscopy, terahertz generation and terahertz circular
dichroism spectroscopy.
Introduction
In recent years metamaterials have attracted a tremendous
amount of attention owing to their unique properties enabling
the fabrication and design of devices hitherto impossible. These
properties have found implementations in various fields such as
optics [1], improved photovoltaic devices [2], electronics [3],
surface-enhanced infrared spectroscopy [4], Raman spectrosco-
py [5] and biosensors [6].
Planar chiral metamaterials (PCMs) have also attracted atten-
tion because of their negative refractive index [7,8] and optical
activity [9] such as circular dichroism (CD) [10]. Among other
things, this makes them useful for the production of sensing
devices for organic molecules and biomolecules [10]. Recently,
the phenomena of the long proposed extrinsic chirality dating
back to 1945 [11] have been observed experimentally with ma-
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terials that are achiral [12]. These extrinsic chiral metamaterials
(ECMs) demonstrate CD responses that are orders of magni-
tudes larger than their PCM counterpart [12]. ECMs typically
consist of achiral subwavelength hole arrays where the chirop-
tical response originates from a large area excitation of surface
plasmon polariton (SPP) waves. Compared to the localized sur-
face plasmon resonance from PCMs, SPP waves from ECMs
are extremely sensitive to the angle of incidence and less sensi-
tive to structural imperfections [13]. Furthermore, ECMs are
defined by having a zero response angle, which is the angle
where the ECMs exhibit mirror symmetry and hence do not
yield a CD response. Though some PCMs show promise as they
also yield huge CD responses through FANO resonance [14],
the greatest advantage of ECMs is that sensing of biomolecules
can be performed with only one sample in one experiment by
inverting the tilt of the sample, whereas PCMs requires one
samples of both enatiomeric structures and independent experi-
ments with both samples.
To date, only very few different ECMs other than hole arrays
[13,15,16] and the original suggested U-shaped and split ring
structures [12], have been investigated. These have been thor-
oughly studied [17-20] and other structures including theoreti-
cal suggestions are limited to plasma sphere arrays [21], gold
dot arrays [22], gold square arrays [23], metal disk arrays [24],
two layer hole arrays [25], polystyrene sphere templates
for gold deposition [26] and structures formed by carbon
nanotubes [27].
However, in order to be able to apply these metamaterials in
sensing devices of organic molecules and biomolecules a reli-
able large-area fabrication method is required. State-of-the-art
fabrication techniques are based on electron beam lithography
or focused ion beam milling, which both are expensive and time
consuming methods. Large-scale fabrication of PCMs have
been attempted to some degree applying different approaches
such as glancing angle deposition [28], scaffold ornamentation
[29,30], individual chiral nanoparticles [31], preassembled
nanoparticles [32-34] and a variety of colloidal nanolithogra-
phy techniques [35-37]. Compared to the above mentioned
PCMs, the experimentally proven ECMs only comprise struc-
tures from polystyrene sphere templates for gold deposition
[26], structures formed by carbon nanotubes [27] and larger
U-shaped structures by nanoimprint lithography (NIL) [38]
which have been scalably fabricated.
In the present work we present a novel route towards the large-
scale fabrication of ECMs and metamaterials in general. These
structures have never been reported before and add to the scarce
amount of experimentally investigated ECMs. Our fabrication
approach is based on a two-step thermal NIL process with
subsequent glancing angle metal deposition. The master mold
for the NIL was fabricated by anodic oxidation of an aluminum
(Al) substrate, which has been demonstrated previously [39,40].
During this process a disordered honeycomb structure is formed
in the substrate. By controlling different parameters the inter-
pore distance has been varied. ECMs with different interpore
distance were investigated with CD spectroscopy and scanning
electron microscopy (SEM). Furthermore, by altering the inter-
pore distance and the glancing angle for metal deposition it was
possible to tune the obtained CD signals from UV all the way to
IR wavelengths. As a proof of concept, the resonance shifts of
SPPs were studied upon interactions between a protein or a
chiral organic molecule and the ECM surface.
Results and Discussion
The ECM fabrication process is illustrated schematically in
Figure 1. The original mold was fabricated by a self-ordering
anodic oxidation of Al foils as described in a previous study
[39]. In this process pores are produced in the Al surface with a
honeycomb structure. However, the pattern is not perfect and
several types of defects are present, which are inevitably trans-
ferred to the final ECMs. By applying different acids and volt-
ages in the anodic oxidation process, original molds with three
different interpore distances (300, 430 and 600 nm) have been
prepared as previously described [40]. These served as master
molds in the following NIL process (Figure 2a).
The first imprints were cast in TOPAS polymer substrates.
After de-molding the TOPAS structures were sputter-coated
with a thin Al film and subsequently an anti-stick monolayer
was applied to produce negative molds (Figure 2b). The nega-
tive molds were then cast in PMMA polymer substrates
(Figure 2c). The honeycomb pattern in the PMMA substrates
served as the starting structure of the glancing angle deposition
of Au films. By varying the deposition angle (50, 60 and 70°),
three different samples have been fabricated for each honey-
comb interpore distance (Figure 2d–f).
In total, nine different samples have been prepared, each
covering approximately 3 cm2, together with three reference
samples of a deposition angle of 0°. Figure 3a shows a photo-
graph of the samples prepared at a deposition angle of 60°, the
samples with 600 nm interpore distance show good diffraction
(Figure 3b) while the samples with 430 nm interpore distance
show moderate blue diffraction and the samples with 300 nm
show no diffraction. However, the size of the samples are only
limited by the size of the original molds, which were fabricated
by another scalable technique, but the size of the samples was
chosen to be compatible with commercial dismantled cuvettes
and only a small area of the sample are probed at any given
time.
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Figure 1: Schematical overview of the ECM fabrication process. First an original mold with a honeycomb structure is cast in a TOPAS polymer sub-
strate. After de-molding a thin Al and anti-stick layer is applied to produce a negative mold. This negative mold is then cast in PMMA to produce the
original honeycomb structure. This structure is used for initiation of glancing angle deposition of a 30 nm Au layer.
The criteria for extrinsic chiral metamaterials
A chiroptical response is only obtained from structures lacking
mirror symmetry. As the unit structures of ECMs are not
natively chiral, they rely greatly on the orientation of the sam-
ple with respect to the direction of the incident light causing a
broken mirror symmetry. By careful design it is possible to
design the ECM structure in such a way that no CD response is
observed when the face of the ECM substrates are oriented per-
pendicular to the incident light. Hence a CD signal is only ob-
tained when the sample is tilted out of one of the two angles θ
and  (Figure 4).
This enables the investigation of the enantiomeric ECM struc-
tures (right-handed and left-handed structure) to be probed in
the same experiment, by inverting the tilt of the ECM with
respect to the normal ECM face angle. The investigated ECMs
have been designed in a way that it was possible to invert the
CD signal by tilting the samples with respect to the θ angle
while retaining a  angle of 0° (Figure 5). The observed
response from the bare sample when irradiated with light at a
normal incident angle may have three different causes:
1) various structural imperfections, 2) a spread in structure size,
3) the 3D nature of the ECM structure causing some intrinsic
chirality. However, this CD response at  = 0° has also been
observed by ECMs produced with focused ion beam milling
[13].
The ECM property that allows for the measurement of the enan-
tiomeric structures from one sample, yields several advantages
over PCMs in biosensor applications: 1) PCMs require fabrica-
tion of the two enantiomeric samples, which increases the cost
and the risk of imperfections. 2) With the use of PCMs it is
necessary to perform two independent experiments, which is
time-consuming and difficult to implement into a commercial
product. 3) Since the CD response is concentration-dependent,
two independent PCM experiments are troublesome to interpret.
All of these disadvantages with PCMs are totally avoided by the
use of ECMs, which are both cheaper, more reliable and only
require one experiment in biosensor applications.
Probing the zero-response angle
The zero-response angle of the ECM with 450 nm interpore dis-
tance and 50° glancing angle deposition was identified by scan-
ning the θ and  angles separately (Figure 6). This ECM sub-
strate was chosen as it exhibits more and stronger resonance
modes than the other samples and will be used in most subse-
quent experiments. While the CD response was extremely
sensitive towards angular rotation about the θ angle plane
(Figure 6a), it exhibited a lower angular dependence on the 
angle plane (Figure 6b).
Furthermore, it is evident from the angular scans (Figure 6) that
the ECM has an intrinsic left-hand chirality. Hence, the zero-
response angle is not identified by the lowest CD response but
as the center of the enantiomeric signals. From the θ angle scan
(Figure 6a), it appears as if θ = −1° and θ = +2° display the least
response. Hence, the θ angle resulting in minimum extrinsic
chirality is between 0° and +1°. As virtually no difference in
Beilstein J. Nanotechnol. 2016, 7, 914–925.
917
Figure 2: SEM pictures of (a) the original molds (b) 1. imprints with a thin Al layer (c) 2. imprints with a 2 nm Au layer and (d–f) all the different ECMs
produced by glancing angle deposition of 30 nm Au at 50, 60 and 70°. The scale bar is shown in the bottom right corner.
line shape is observed between θ = 0° and θ = +1°, θ = 0°
was used as zero-θ-angle throughout the paper for the sake of
convenience.
The two resonance modes located in the wavelength range of
260–360 nm of the  angle scan (Figure 6b) indicate that  = 0°
to  = −3° exhibits no extrinsic chirality. As virtually no differ-
ence in line shape is observed between these angles,  = 0° was
used as zero-response angle. Applying θ = 0° and  = 0° as
reference results in a more symmetrical angular scan (Figure 7)
indicating the precision of the determination of the zero-
response angle.
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Figure 3: (a) Photography of the ECM samples prepared at a deposition angle of 60° and interpore distance of 300, 430 and 600 nm from the left, re-
spectively. The sizes were chosen as to be compatible with commercial dismantled cuvettes and only a small area of the sample is probed.
(b) Photography of the sample prepared by a deposition angle of 60° and interpore distance of 600 nm with flashlight to illustrate the diffraction pattern
(the scale bar does not apply to this photo).
Figure 4: The two principle angles, θ and , of incident light with
respect to the ECM structures.
Figure 5: The resulting CD response from three ECM orientations
(θ = 0°,  = 0°), (θ = 12°,  = 0°) and (θ = −12°,  = 0°) of the ECM
with 300 nm interpore distance and 60° deposition angle. It is evident
that (θ = 0°,  = 0°) shows no significant response, while the two other
orientations yield inverted line shapes.
Influence of interpore distance and glancing
angle deposition
Structures with interpore distances of 300, 430 and 600 nm
exhibited main plasmonic resonance ranges of about
300–550 nm, 450–800 nm and above 900 nm (Figure 8).
Compared to the relatively narrow linewidth of the CD response
from ECMs comprised of hole arrays, the honeycomb ECMs
exhibit a rather broad signal [13]. This is presumably related to
the heterogeneity and 3D nature of the ECM structures, which
is less dominant in the hole arrays fabricated by focused ion
beam lithography. In spite of this, the CD linewidths of the
present ECMs are comparable to those of gammadion PCMs,
which have been previously used for biosensor applications
[10]. Furthermore, compared to PCMs fabricated by another
scalable technique [29], the CD linewidths of the honeycomb
ECMs are more narrow. Hence the heterogeneity and 3D struc-
ture has not limited the use of the honeycomb ECMs for
biosensing applications.
While the interpore distance of the ECM array is the main
factor in the position of the SPP resonance, the angle of the Au
deposition has mainly an influence on the line shape and the
number of resonance peaks (Figure 8). The samples prepared at
0 and 50° glancing angle deposition show a similar line shape,
as well as the samples prepared at 60 and 70°. This is reason-
able as the angle deposition sensitivity, which determines the
dependence of the resulting structure on the deposition angle, is
very low at small angles but increases with large angles. The
reason for this is found in the shadowing effect of the honey-
comb structure. The glancing angle deposition is self-perpetu-
ating at larger angles while small angles result only in minor
shadowing effects. The samples prepared at 0 and 50°, in
general, exhibit three to four distinct resonance peaks while the
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Figure 6: Angular scans and corresponding CD response from the ECM fabricated with 430 nm interpore distance and 50° glancing angle deposition.
(a) Independent scan of the θ angle defined in Figure 4. (b) Independent scan of the  angle defined in Figure 4.
Figure 7: Angular scans with the intrinsic chirality subtracted. A much higher symmetrical CD response from the ECM enantiomers is observed com-
pared to the angular scans in Figure 6. (a) Independent scan of the θ angle. (b) Independent scan of the  angle.
samples prepared at 60 and 70° only exhibit two to three
distinct resonance peaks. This might be explained by the gold
inside the hole arrays produced at 0 and 50° glancing angle
deposition, resulting in a more complex 3D structure (Figure 2)
and an additional origin of plasmonic resonance modes. The
samples with 600 nm interpore distances had a main resonance
wavelength above 900 nm (data not shown). These structures
may find applications in other areas such as surface enhanced
IR spectroscopy [41], terahertz generation [42] or THz-CD
spectroscopy [43].
Influence of the scanning angle and of
intrinsic spatial structural variations
As mentioned above, the plasmonic resonance wavelength and
intensity depends on the orientation of the ECMs. Upon rotating
the sample in the θ angle plane (Figure 9a) it is evident that the
two distinct resonance modes in the near-UV region merge
upon increasing the θ angle from 10 to 20°. At θ = 30° this peak
is blue-shifted. When the θ angle is increased to 40 and 50° the
peak re-separates into two peaks. These changes may originate
from the transition from a hole array towards a film with grat-
ings upon increasing angles and subsequent larger backscat-
tering. At θ = 60° the backscattering has increased significantly,
resulting in a pronounced drop in CD response. Furthermore,
the 770 nm plasmonic resonance mode does not show
any angular dependence and remains located at the same
wavelength.
From the  angle scan (Figure 9b) it is evident that only plas-
monic resonance modes in the infrared and UV range are in-
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Figure 8: CD response from all the produced ECMs. (a) The CD
response from the structures with 300 nm interpore distances. (b) The
response from the structures with 430 nm interpore distances. (c) The
response from the structures with 600 nm interpore distances. All mea-
surements were recorded with an ECM orientation of θ = 12° and
 = 0°.
duced. Upon increasing the  angle, the resonance modes in the
UV range intensifies and changes of the resonance wavelengths
occur. It is also noteworthy for other applications of the ECM,
that a very strong resonance mode in the range of 900–1100 nm
has been identified in other measurements (data not shown) but
is outside of the measured range presented here as it is not rele-
vant to protein sensing using CD spectroscopy. Similar to the θ
angular scan, the CD response at a  = 60° drops as a conse-
quence of significantly increased backscattering.
Typically, metamaterials are fabricated with a significantly
smaller surface area than the beam profile used to probe the
sample. However, the present ECMs are significantly larger, but
with various structural imperfections. To validate the integrity
of the sample fabricated with 430 nm interpore distance and a
glancing angle deposition of 50° was probed in two different
positions over 6 mm apart. Minor differences were observed
(Figure 10), indicating small structural differences.
These differences are no larger than what has been reported for
PCMs fabricated with e-beam lithography [10] or ECMs fabri-
cated with ion beam milling [13] and most likely originate from
structural imperfections. Another contributing factor might be
that the ECM surface is much larger than the beam profile,
hence the structures in the circumference of the beam profile
may appear different from those substructures being complete-
ly probed. Beam profile induced imperfections are circum-
vented in usual fabrication techniques as the achievable sample
area is much smaller than the beam profile.
Sensing of chiral molecules
As a proof of concept, the sensing power of the honeycomb
ECMs were investigated by monitoring the resonance shift upon
adsorption of the chiral organic molecule cysteamine and the
protein cytochrome c. cytochrome c acts as an electron shuttle
and as a respiratory redox protein [44]. It also assists as an im-
portant mediator in the apoptotic pathways [44]. Due to a free
surface-accessible cysteine it is well known to readily adsorb
onto gold surfaces and is often used to study electron transfer in
cyclic voltammetry [45]. Cysteamine is the simplest stable
aminothiol, hence it readily adsorbs onto gold surfaces and
forms a self-assembled monolayer which is often used as the
first layer in the functionalization of surfaces [46].
In all experiments the ECM fabricated with 430 nm interpore
distance and a glancing deposition angle of 50° was used as it
displays a well-defined response at ca. 770 nm compared to the
other structures, together with two minor distinct peaks at ca.
440 nm and ca. 330 nm. The resulting spectra are presented in
Figure 11 and the corresponding shifts compared to the bare
structure are summarized in Table 1.
A similar plasmonic resonance shift of the resonance mode
around 770 nm upon adsorption of cytochrome c was observed
at different θ angles (Figure 12 and Table 2). This indicates that
the sensitivity of the plasmonic resonance towards changes in
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Figure 9: Angular scans with large angle increments and corresponding the CD response from the ECM fabricated with 430 nm interpore distance
and 50° glancing angle deposition. (a) Independent scan of the θ angle. (b) Independent scan of the  angle.
Figure 10: CD response from the ECM fabricated with 430 nm inter-
pore distance and 50° glancing angle deposition in four different angle
orientation and measured in two different positions 6 mm apart on the
sample.
the local refractive index near the ECM surface is not effected
by the θ angle. Only the resonance mode around 770 nm was
used in this analysis as the resonances of the other modes are
altered as described above and as a result are incomparable.
It has been demonstrated that the dissymmetry factor [10]
(ΔΔλ) of the shifts of the right-handed spectrum compared to
the left-handed spectrum (ΔΔλ = Δλright − Δλleft) is an indica-
tion of an anisotropic adsorption (Table 3) [10]. Whereas a
perfect isotropic adsorption would result in a ΔΔλ value of zero.
Interestingly, the adsorption of the two molecules does not
result in the same behavior in signal shifts. While the adsorp-
tion of cytochrome c did not result in a measurable dissym-
metry shift, the adsorption of cysteamine caused a relatively
large dissymmetry shift as indicated by the 770 nm signal. This
Figure 11: CD response from a bare ECM and with a molecule
adsorbed on the surface. (a) CD response with and without
cytochrome c adsorbed on the ECM surface. (b) CD response with and
without Cysteamine adsorbed on the ECM surface. All measurements
were recorded with an ECM orientation of θ = 12°;  = 0° or θ = −12°;
 = 0°.
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Table 1: Excitation shifts originating from different molecules.
molecule Δλ770 nm(θ12/θ−12)
Δλ440 nm
(θ12/θ−12)
Δλ330 nm
(θ12/θ−12)
cytochrome c 2/2 nm −4/−4 nm 2/3 nm
cysteamine 7/12 nm 2/2 nm 4/5 nm
Figure 12: CD response from the ECM fabricated with 430 nm inter-
pore distance and 50° glancing angle deposition with different angle
orientation and measured with and without cytochrome c adsorbed on
the surface.
Table 2: Excitation shifts and dissymmetry factors of the plasmonic
resonance at 770 nm at different θ angles, originating from adsorption
of cytochrome c on the ECM fabricated with 430 nm interpore dis-
tance and a glancing angle deposition of 50°.
angle Δλ770 nm ΔΔλ770 nm
(θ5/θ−5) 1.4/1.5 nm 0.1 nm
(θ15/θ−15) 2.3/2.6 nm 0.3 nm
(θ30/θ−30) 2.2/2.4 nm 0.2 nm
Table 3: Dissymmetry factors, calculated from the shifts given in
Table 1.
molecule ΔΔλ770 nm ΔΔλ440 nm ΔΔλ330 nm
cytochrome c 0 nm 0 nm −1 nm
cysteamine −5 nm 0 nm −1 nm
is coherent with other studies, demonstrating that cysteamine
forms a well-ordered layer on Au surfaces [47,48]. Further-
more, it has been reported that cytochrome c either adsorbs with
the α-helix structure parallel to the Au surface [49] or that the
protein instantly denaturates upon adsorption to the Au surface
[50]. In either case this will result in an isotropic layer with
respect to the incoming light, which is coherent with the ob-
tained results.
The average extent of the two plasmonic enantiomer shifts
(Δλav = (Δλright + Δλleft)/2 gives an indication of the amount of
molecules adsorbed on the gold surface of the metamaterial
[10]. Instead of using the peak at 550 nm to determine the sur-
face coverage as previously reported by PCMs [10], the peak at
330 nm has been used in this paper, since it is the peak located
closest to the UV range (Table 4).
Table 4: Average shifts calculated from the shifts given in Table 1.
molecule ΔλAV,330nm
cytochrome c 2.5 nm
cysteamine 4.5 nm
From the data it is apparent that both cytochrome c and
cysteamine do interact with the ECM gold surface. Compared to
another study using PCMs, it is apparent that the ΔλAV,330nm of
cytochrome c and cysteamine is comparable to the ΔλAV,≈ 550nm
of the proteins resulting from the highest adsorption on a PCMs
gold surface [10]. As the sensitivity of the ECM resonance
mode at 330 nm is unknown the exact surface coverage cannot
be determined. However, the sensitivity is not expected to
deviate significantly from that observed with PCMs at 550 nm.
Based on this both cytochrome c and cysteamine are adsorbed
in picogram quantities on the ECM Au surface.
The current results demonstrate that proteins and chiral organic
molecules in general readily adsorb onto the ECM surface. This
demonstrates that the ECMs may be used for detection of pro-
teins and chiral organic molecules in a label-free way. Further-
more, the ease of cysteamine adsorption on the ECM surface
suggests that other molecules such as ethanedithiol may be used
to functionalize the ECM surface and provide the possibility to
fabricate very sensitive sensor arrays.
Conclusion
In conclusion, a strong chiroptical response has been demon-
strated from different achiral plasmonic hole arrays. The arrays
were fabricated by a scaleable technique while retaining control
and order of the resulting arrays. This signifies a substantial
improvement to standard fabrication methods such as focused
ion beam and electron beam lithography concerning cost and
production time. Furthermore, the use of a small chiral organic
molecule and a protein has been used as a proof of concept for
the sensing of biological and chiral organic molecules in
picogram quantities by CD spectroscopy. The response of the
presented ECMs was tunable within the UVA and IR regions,
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depending mainly on the interpore distance of the hole arrays.
The deposition angle had an effect on the amount of resonance
modes. Small glancing angle deposition resulted in complex
ECM geometries and consequently more resonance modes were
observed. The number of modes is larger than that which has
been previously reported for PCMs [10,32,34]. This is a signifi-
cant improvement, as more signals yield a more detailed pro-
tein fingerprint.
The enantiomeric form of the investigated ECMs were re-
corded by inverting the tilt of the same sample about the θ angle
plane, effectively eliminating the disadvantages of PCMs
having to fabricate two independent samples and conducting
two separate experiments to probe the protein fingerprint. CD
spectroscopy revealed that both cytochrome c and cysteamine
readily adsorbed on the ECM gold surface, amounting to
picogram quantities. Furthermore, the formation of a
cysteamine layer on the ECM gold surface suggests that similar
organic molecules may be used to fabricate functionalized sur-
faces applicable for sensors with increased sensitivity or arrays
hereof in a cheap and scaleable way.
Experimental
Fabrication of extrinsic chiral metamaterials
The original molds were prepared by anodic aluminum oxida-
tion using a custom-built anodization and wet-etching system.
Al foils (99.98%, Advent Research Materials Ltd. AL103310)
were used as substrates after cleaning in an ultrasonic bath with
a sequence of acetone, deionized water and methanol for 1 min
each. In total three types of molds were prepared with different
interpore distances: 300, 430 and 600 nm. The substrate with
300 nm interpore distance was prepared by anodization in
0.3 M oxalic acid solution at 140 V and with a solution temper-
ature of 283 ± 0.5 K for 40 min. The substrate with 430 nm
interpore distance was prepared by anodization in 1 M phospho-
ric acid solution at 180 V and with a solution temperature of
273 ± 0.5 K for 100 min. The substrate with 600 nm interpore
distance was prepared by anodization in 2 M citric acid solu-
tion at 285 V and with a solution temperature of 293 ± 0.5 K for
20 min. More details on the fabrication of the original mold has
been reported previously [39]. The original molds were used to
make negative imprints by thermal nanoimprint lithography
using the EVG520HE semi-automated hot embossing system.
This was done in TOPAS 5013L-10 substrates under vacuum
with a stamping pressure of 1.25 bar and at 160 °C using the
original molds. Next a 30 nm film was sputter-coated on the
surface of the negative imprints. A monolayer of trichloro-
(1H,1H,2H,2H-perfluorooctyl)silane (25 vol % in toluene) was
applied to the Al films by gas phase deposition for 1 h in a
vacuum desiccator. These samples served as new molds for the
second imprint in PMMA. The parameters of this imprint were
similar to the once described above but were prepared at
120 °C. The negative molds were used several times without
observable deterioration. The final ECMs were achieved by
glancing angle deposition of 2 nm Cr followed by 50 nm Au at
different deposition angles.
Scanning electron microscopy
SEM measurements of the ECM surfaces were done in high
vacuum (1·10−6 mbar) and an accelerating voltage 10 kV using
a Zeiss 1540XB system and standard procedure. The samples
were coated by 2 nm gold as to prevent a buildup of static
charge.
CD spectroscopy measurements
The ECMs were compatible with commercial available liquid
CD cells with a path length of 0.1 mm and a total volume of
50 μL. The CD spectra were collected in normal incident mode
where the samples were parallel to the detector and in tilted
configuration, where the samples were tilted by 12°. CD spec-
tra were collected using a commercial JASCO J-750 spectropo-
larimeter.
Adsorption of cytochrome c and cysteamine
onto extrinsic chiral materials
Cytochrome c was adsorbed on the substrates by incubation of
50 μL protein solution (1 mg·mL−1) for 1 h. Cysteamine was
adsorbed by incubating 50 μL of solution (10 mM) for 24 h.
The cysteamine solution was prepared with degassed Milli-Q
water and the cytochrome c solution was prepared using
5 mM PBS buffer at pH 7.4.
Surface regeneration of extrinsic chiral
materials
ECMs were reused several times and before each experiment
the substrates were submerged for 2 h in a sodium dodecyl
sulfate solution, followed by a 30 min bath in a Hellmanex III
solution at 37 °C. Finally, the substrates were cleaned in an
oxygen-plasma cleaning unit for 1 h. After each step the ECMs
were rinsed with Milli-Q water.
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Abstract
The self-assembly of fibers from peptides have attracted a tremendous amount of attention
due to the many applications such as drug-delivery systems, tissue engineering and electronic
devices. Recently, the self-assembly potential of the designer peptide RFFFR has been re-
ported. In the current study it is experimentally verified that the peptides form fibers that
are entangled and form solid spheres without water inside. Upon dilution below the criti-
cal fiber concentration, the fibers untangle and become totally separated prior to dissolution.
These structures readily bind Thioflavin T, resulting in a characteristic change in fluorescent
properties coherent with β -sheet rich amyloid structures with aromatic-hydrophobic grooves.
Circular dichroism spectroscopy data is dominated by a π → π∗ transition indicating that the
fibers are stabilized by π-stacking. Contrary to what was expected, the dissolution of the
spheres/fibers results in increasing fluorescence anisotropy over time. This is explained by
HomoFRET between phenylalanine residues with a T-shaped π-stacking mode, which was
determined as the dominant mode by atomistic simulations and semi-empirical calculations
in another study. Kelvin probe force microscopy measurements indicate that the spheres and
fibers have a conductivity comparable to that of gold. Hence these self-assembled structures
∗To whom correspondence should be addressed
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may be applicable in organic solid-state electronic devices. The dissolution properties of the
spheres further suggest that they may be used as drug-delivery systems.
Introduction
The ability of natural proteins to form supramolecular structures1 has been known for a long time
to be responsible for many biological functions such as S-layer proteins that cover the outer cell
membrane of some organisms2. Peptides are also known to self-assemble in nature and apart from
other structures3,4 can form amyloid fibers related to natural biological functions5,6 or several
human disorders7,8. Recently, the self-assembly of designer peptides has also attracted a tremen-
dous interest owing to their ability to form supramolecular structures with high bio-compatibility,
chemical diversity and potential solubility in aqueous solutions.9–11 The applications of the formed
structures are numerous and include carrier-mediated drug delivery12–15, tissue engineering16, an-
timicrobial agents17, fluorescent probes18, energy storage19, biomineralization20, membrane pro-
tein stabilization21 and bioinspired electronics such as field-effect transistors22, microprobes23,
microarrays23, biosensing devices24, diodes25 and nanotubes as conductive wires23,26.
As self-assembling peptides are mainly known from amyloid fibers, these peptides are often
used as scaffold to develop designer peptides. One scaffold that has been widely used is the core
sequence of the Amyloid beta peptide (Aβ ), β (16-20) KLVFF27 or Aβ (17-21) LVFFA.28 Due to
the presence of the FF motif in both sequences and the identification of aromatic residues as having
the highest propensity to cause amyloid formation29, the peptides FF have been extensively studied
by many groups.30,31 Later the FFF peptide was also studied.32 However, neither peptide forms
amyloid fibers, but a variety of other structures. Instead, peptides that form amyloid fibers or fibers
are often peptide amphiphiles or peptides with alternating hydrophobic and hydrophilic amino
acids.
Fibers of peptides have attracted interest for many applications owing to the ease of synthe-
sis, high biocompatibility and biodegradability.33–35 This includes biomedical applications such as
2
drug-delivery systems36, analyte detection37, biomarker sensing38, tissue engineering39, immune
response modulators40 and cell fate controller41. Fibers of peptides also demonstrate potential for
electronic devices as it allows for significant downscaling of the sizes of circuit components com-
pared to what is possible with traditional inorganic semi-conductor technology.42 Furthermore,
peptide self-assembled fibers may also be applicable in material science due to their unique me-
chanical silk-like properties.43,44
Recently the self-assembly of the RFFFR peptide was investigated by coarse grained molecular
dynamics (MD) simulations, atomistic MD simulations and semi-empirical calculations that indi-
cated an amyloid fiber formation.45 The motivation for the modification of the FF and FFF peptide
is to direct the self-assembly process towards nano-fibers rather than the more random aggregated
structures of FF or FFF. The arginine residues are intended to restrict the interaction of Phe residues
in one direction only while the unprotected N- and C-termini ensures an anti parallel configura-
tion by inducing a neutral C-terminus. In this way the charge of the neighboring peptides are not
proximate, ensuring that the attractive effects are sufficiently strong for self-assembly. While the
attractive effects may be dominated by "tugging in" of hydrophobic residues, computational data
further suggests that the RFFFR amyloid fiber is stabilized by π −π stacking interactions and a
complex hydrogen bond network.
In this paper we report the synthesis and experimental data of the self-assembly of RFFFR.
The self-assembly is investigated with different biophysical methods such as spectroscopy meth-
ods, atomic force microscopy (AFM) and scanning electron microscopy (SEM). These measure-
ments indicate that the structure of the amyloid fibers fit very well with the in silico data of another
study45. However, it is observed that the peptides not only form 1 dimensional fibers as predicted
by simulations, but form more complex 3 dimensional fiber entangled structures in solution in-
stead. The applications of these structures as molecular conductive wires or drug-delivery system
is demonstrated, but applications may extend to material science, tissue engineering, advanced
nanomaterial fabrication and encapsulation of biomolecules with purpose to stabilize/preserve their
function.
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Results and discussion
The self-assembly process
The self-assembly of the RFFFR peptides was investigated in milliQ water and PBS solutions with
different concentrations, but the results were not significant different as the self-assembly is not
solely governed by electrostatic interactions. To enable comparison with physiological conditions
the following results in this paper are obtained by use of 1X PBS at pH 7.4. As the pH is far below
the pKa values of the Arg side chains and termini, Arg and the N-terminus are positively charged
while the C-terminus is negatively charged.
It was observed that the RFFFR peptides assemble into fibers that curl together and form
spheres (Figure Figure 1 and Figure Figure 2a). Upon dilution below the critical fiber concen-
(a)
150 nm
(b)
Figure 1: SEM measurements of (a) RFFFR fibers untangling from spheres adsorbed on a silicon
surface. (b) closeup of Figure Figure 1a.
tration (approximately 5mM) the fibers begin to untangle (Figure Figure 1 and Figure Figure 2b).
When the fibers have totally untangled (Figure Figure 2c and Figure Figure 3), a dissolution pro-
cess begins (Figure Figure 2d-f). These results are in agreement with the fluorescent anistropy
measurements, discussed later, and it is therefor likely that the observed AFM measurements are
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not a surface induced effect or that some other peptide structure existed which did not bind to the
AFM surface. It is also unlikely that the rinsing of the AFM surface, after incubation of the peptide
solution, removed any peptide structures as all peptide structures are tightly bound by electrostatic
interactions to the surface. Furthermore, the short environmental change in buffer during rinsing of
the sample is very short and induced configurational changes in the assembled structures are very
slow, hence it is unlikely to effects what was observed with AFM.
The obtained sphere-like RFFFR structures are unique from almost any other self-assembled
peptide structure, as the peptides form a structure (fibers) that again forms a structure (spheres).
Typically, peptides form a structure comprised of the individual peptides which is also true for the
closely related FFF peptide, that forms plate-like structures in aqueous solution46 and sphere-like
structures in chloroform47. These peptides aggregate in a more random way as to minimize solvent
exposure and to maximize attractive forces, which is why the RFFFR peptide was designed with
Arg residues in each terminus to intentionally force the self-assembly in one direction only. The
observed entanglement of the fibers into sphere-like structures must then be an indication that the
Arg residues are not completely sufficient to limit the self-assembly to only one direction.
The size of the spheres greatly depends on the peptide concentration above the critical fiber
concentration. Hence the time it takes for the fibers to untangle also varies. The reason for the fiber
entanglement may be to further decrease the water accessible surface of phenylalanine residues.
This is indicated by the uniform shape of the spheres in the SEM measurements, as any water inside
the spheres would have evaporated under the high vacuum conditions and deformed the spheres.
Other studies of fibers that form complex structures report of microhydrogels that binds water in the
interior.48 The difference likely originates from the hydrophobicity level of the respective peptides.
Hence it is possible that the compactness of RFFFR spheres may be controlled by reducing the
polarity of the solvent or by reducing the stabilizing forces of hydrogen bonds and that RFFFR
hydrogels or untangled fibers may be obtained under different conditions.
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Figure 2: AFM measurements of 10mM RFFFR solution diluted to 1mM and measured at different
time intervals. (a) 0 min. (b) 30 min. (c) 60 min. (d) 120 min. (e) 240 min. (f) 480 min.
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Figure 3: Closeup of Figure Figure 2c.
The height profile from the AFM measurements of the individual fibers (Figure Figure 4b)
suggest a fiber height of 0.6-1.2 nm. This approximately coincides with the 0.8-2.4 nm reported
earlier in a computational study of the self-assembly process (Figure Figure 4a).45 The deviation is
likely to originate from the environmental difference as the AFM measurements were performed on
"dry" fibers with the arginine side chains attracted to the mica surface, while the simulations were
performed in solution. Furthermore, the antiparallel assembly of the peptides, may cause the fibers
to adsorb with the shorter width perpendicular to the mica surface, as only half of the positively
charged arginine residues are in contact with the negatively charged mica surface otherwise. Hence
the height difference between the height measured with AFM and predicted in the computational
study45 is sufficiently small, that it verifies a similar self-assembly. This demonstrates the potential
of designing self-assembling peptides and predicting the resulting structure by the coarse grained
MARTINI model49 and the new PM750 semi-empirical approach.
The stabilizing forces of the RFFFR fibers
Most self-assemblies are driven by hydrophobic effects or electrostatic forces, however, the sta-
bilizing intramolecular forces are equally important. Many structures are stabilized by hydrogen
bonds between β -sheets and a recent trend is to use π −π stacking in guided assembly.42,51
CD spectroscopy measurements did not show any signals that could be related to a beta sheet
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Figure 4: Comparison of measured and calculated fiber width. (a) Two height profiles of the
RFFFR fibers and their position on the AFM measurement (Figure Figure 2c) indicated by the
green lines. (b) Theoretical fiber width of the fiber self-assembled in a previously reported molec-
ular dynamics study45.
structure (Figure Figure 5). This is likely because of the small size of the peptides, the low solu-
tion concentration and the very compact form of spheres. Instead spectra are dominated by a single
peak with a maximum located in the range of 219-224 nm depending on the peptide concentration.
These peaks arise from either n → π∗ or π → π∗ transitions. However, the assignment is not un-
ambiguous as π → π∗ is often observed as a sharp strong peak at around 197-200 nm, while the
n → π∗ is the lowest energy amide band typically observed in the 210-230 nm range as a lower
broader peak.52 Spectra conforming to this have been reported for Aβ inspired peptides.53,54
The observed peaks of RFFFR are located in the range where n → π∗ transitions typically occur
and are relatively broad. However, very similar CD spectra of other short self-assembling peptides
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and other aromatic systems have been observed before and assigned π → π∗ transitions.55–59 Fur-
thermore, the peak position is red-shifted as a function of higher peptide concentrations. Though
the peak position is sensitive towards secondary structure changes and β -sheet bending, it is more
likely an effect of the increase in sphere size, similar to the one observed when substituting an
organic solvent with water60. Due to the sphere formation by the "tugging in" effect of pheny-
lalanine residues, it is likely that the π → π∗ transition becomes more stable, resulting in a lower
transition energy. A n → π∗ transition is expected to blue-shift with increased sphere size, as the
possibility for the lone pair electrons in the ground n state to form hydrogen bonds to other peptide
groups increases. Hence the fibers are stabilized by π − π stacking as previously suggested by
computational data.45
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Figure 5: CD spectroscopy recorded from 190-250 nm with different RFFFR peptide concentra-
tions.
To study the structure of the fibers and secondary structure of the composing peptides, Thioflavin
T (ThT) was used as a fluorescent probe. ThT almost exclusively binds to β -sheet rich amyloid
structures with aromatic-hydrophobic grooves that span more than four consecutive β -strands.61–64
Upon binding the ThT fluorescent properties change significantly with a huge increase in quantum
yield, emission and excitation shift which is why it is one of the most widely used probes for
staining and identifying amyloid structures.65
Fluorescence spectroscopy measurements revealed an emission peak at 435 nm was observed
when the ThT solution was excited at 353 nm (Figure Figure 6a). Upon addition of RFFFR
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spheres/fibers, the 435 nm emission peak disappeared (Figure Figure 6a). Instead the emission
peak had shifted to 485 nm when excited with 440 nm, which was not observed for the pure ThT
solution. As previously reported, this is proof of a β -sheet rich amyloid structure in solution61–65
even though the CD measurements did not yield any secondary structure information. Further-
more, it is likely that the observed structures seen in the AFM experiment are not the result of
surface induced assembly.
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Figure 6: Fluorescence spectroscopy spectra of ThT with RFFFR self-assembled structures (blue
line) and without RFFFR self-assembled structures (red line). (a) Recorded spectra in the interval
390-460 nm with 353 nm excitation. (b) Recorded spectra in the interval 460-520 nm with 440 nm
excitation.
Fluorescence anisotropy spectroscopy was measured with use of Phe residues over time with
the same diluted RFFFR solution as was used for the AFM measurements, resulting in slow untan-
gling of the fibers and subsequent dissolution (Figure Figure 7). In contrary to what is expected of
a dissolution process, the anisotropy increases over time. Typically this would have been explained
by Phe residues that moved more freely in fiber and sphere structures than in solution, however
this is not likely in this case as the self-assembly is the result of Phe "tuggin in" effects, hydro-
gen bonds and π −π stacking. Instead it can be explained by the previously computational study
of the RFFFR fibers, where the phenylalanine residues assumed strict Phe-Phe configurations as
a result of π-stacking.45 This study further discovered by atomistic and semi-empirical quantum
mechanical calculations that the Phe-Phe residues assume a T-shape π-stacking configuration.45
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As HomoFRET66,67 is known to occur between Trp residues68 it is possible that energy is trans-
ferred from one phenylalanine residue to another perpendicular phenylalanine residue, explaining
why the anisotropy behaves opposite of what is expected. Hence it is believed that the increase in
anisotropy when spheres/fibers dissolve is indicative of a T-shaped π-stacking configuration which
is in good agreement with high level computational calculations of the fibers45.
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Figure 7: Fluorescence anisotropy over time of the same 10mM RFFFR peptide solution that was
diluted to 1mM and used for the AFM measurements (Figure Figure 2). In time interval I the
spheres are untangling. In time interval II the spheres are totally untangled and the fibers are
dissolving. In time interval III the fibers have totally dissolved.
Molecular electronics
Molecular electronics is necessary for continued development of more powerful computers as it
renders it possible for down-scaling electrical components, reduce fabrication cost, avoid poisons
in the fabrication process and allow for diverse functions by tuning of the chemical properties. In
this field DNA has attracted a tremendous amount of interest due to the self-assembly properties
and size, however it is difficult to probe the conductive properties.69 The conductive properties
of some proteins, however, have been known for a long time, which has been explained by vari-
ous theories such as ionic transport70, proton transport71 or tightly bound oriented ice-like water
molecules around the protein72. However, in order to be applicable in solid-state electronic de-
vices the proteins need to be conductive in a "dry" state (electron transport).73 While most proteins
are considered electrical insulators26,74,75, some are known to be very efficient electron trans-
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porters76–78. Today, two prevailing mechanisms responsible for the electron transfer, coherent tun-
neling73,76,79 and charge hopping73,80 exists, which may also occur concurrently.
Amide to amide groups are considered hopping sites and hydrogen bond networks aid in this
coupling.78,81 Furthermore, aromatic amino acids also facilitate hopping sites through the delocal-
ized π orbitals.82 Hence it is very likely that RFFFR will exhibit strong electron transport abil-
ities through arginine-arginine, arginine-phenylalanine and phenylalanine-phenylalanine hopping
sites enhanced by the previously reported complex hydrogen network45. Kelvin probe force mi-
croscopy (KPFM) measurements of the fibers entangled into large spheres (Figure Figure 8a) were
used to measure the surface potential difference (Figure Figure 8b). Very small surface potential
differences, below 2 mV, between the gold substrate and RFFFR spheres were measured (Fig-
ure Figure 9), which might indicate a strong conductivity. Furthermore, no charging effect was
observed during the SEM measurements (Figure Figure 1) as is characteristic for insulating ma-
terials. Similar, conductivity in peptide structures induced by stabilized by intermolecular π −π
stacking have previously been reported.23,26,51 KPFM have also previously been used to prove that
peptide nanodots of FF peptides can store charges.83
It is expected that untangled fibers have relatively higher conductivity than the spheres, as the
π −π stacking interaction and hydrogen bond network is more elaborate when it is connected in
only one direction. It is also unlikely that the conductivity observed in the KPFM measurements
is related to ionic or water effects as any water bound by the spheres would have evaporated and
deformed the spheres in the high vacuum environment of the SEM measurements. Hence it is
likely that the untangled fibers are conductive in a "dry" state and have applications in solid-state
electronic devices.
Drug delivery system
Self-assembled amyloid fibril networks or microgels from peptides have previously been suggested
as potential drug-delivery systems.48,84,85 The reported RFFFR spheres and fibers may also be used
for such applications. As the spheres form due to a tugging in effect of the phenylalanine residues
12
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Figure 8: AFM and subsequent KPFM measurement of RFFFR spheres on a 40 nm thick gold
layer. (a) The topology measurements. (b) The surface potential.
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Figure 9: Four surface potential profiles and their position on the KPFM measurement (Figure
Figure 8) indicated by the green lines.
to minimize water exposure, it is likely that hydrophobic drugs, resulting in low potency, could
be incorporated into the fibers or spheres allowing for a much higher potency. This also enables
a controlled longterm release of drugs with a short life time, that limits the use of many drugs,
as the fibers untangle and dissolve and the drug is slowly released (Figure Figure 1). The re-
lease period may be optimized through the sphere size, simply by assembly at different peptide
concentrations. No differences in sphere untanglement time at very low pH conditions (approxi-
mately pH 2), similar to those in the stomach, and normal physiological conditions were observed.
This might indicate that the structures could be used for peroral medication. Furthermore, if the
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sphere surfaces were to be functionalized with molecules having affinity towards specific targets,
the encapsulated drugs would have an increased selectivity and potential side-effects would be
diminished.
Conclusion
The self-assembly of the peptide RFFFR into fibers, as previously suggested, has been experimen-
tally confirmed. The fibers have the same dimensions, within statistical error, as those determined
by computational calculations, indicating the same configuration as predicted. It was observed
that the fibers get entangled into spheres, possibly to further reduce the solvent accessible area of
phenylalanine residues. When these spheres were diluted below a critical fiber concentration, the
fibers untangled and dissolved after some time.
The spheres and fibers were observed to readily bind ThT, resulting in a significant increase
in quantum yield, excitation and emission shift of ThT, proving the presence of amyloid struc-
ture. CD spectroscopy measurements were not indicative of any secondary structure but were
dominated by electronic transitions originating from π − π stacking interactions as predicted by
previously reported computational calculations45. These computational calculations also indicated
a very favorably T-shaped stacking mode, explaining why an increase in fluorescence anisotropy
was observed during fiber dissolution in the present experimental study.
KPFM measurements were performed on self-assembled "dry" fibers/spheres, indicating a very
high conductivity comparable to that of gold. It is expected that the untangled fibers are more
conductive than the spheres as the fibers have a more dense π − π stacking and hydrogen bond
network in the fiber direction compared to the environment in the sphere where π −π stacking and
hydrogen bonds may be formed in all directions. These spheres contain no water as they remained
intact during SEM measurements and did not show any charging effects. Hence the conductivity
presumably originates from charge-hopping and overlapping delocalized aromatic π-orbitals as
well. This allows the RFFFR fibers to be applicable in novel bioinspired solid-state electronic
14
devices.
The spheres untangle and dissolve into small fibers when diluted below the critical fiber con-
centration. Hence the spheres likely have potential as a drug-delivery system. The high pH stability
of the spheres indicates that it may be a candidate for a peroral drug-delivery system.
Experimental
RFFFR peptide synthesis. RFFFR was synthesized by solid-phase peptide synthesis techniques.
Standard 9-fluorenyl- methyloxycarbonyl (Fmoc)-protecting group and activation by 2-(1H-benzotriazol-
1-yl)-1,1,3,3-tetramethyluronium hexa- fluorophosphate (HBTU) chemistry was used. The peptide
was synthesized both manually and using a fully automated peptide synthesizer Activotec P-11
(ActivotecSPP, Cambridge, UK). After the final cleavage from the resin the product was precipi-
tated with ice-cold diethylether. The precipitate was centrifuged down and resuspended in ice-cold
diethylether, this step was repeated 5 times with no resuspension the last time after which the pellet
was frozen in liquid nitrogen and freeze-dried. The lyophilized peptide was then dissolved in 5%
acetic acid and frozen in liquid nitrogen and freeze-dried, this process was repeated once. The
lyophilized peptide was then dissolved in 0.1% hydrochloric acid and frozen in liquid nitrogen and
freeze-dried, this process was repeated three twice.
Some lyophilized peptide was analyzed by reverse-phase high-performance liquid chromatog-
raphy (RP-HPLC) UltiMate 3000 Standard LC Systems (Dionex, California, USA) using a C18
semi-preparative column (Phenomenex, California, USA), for 60 min with a flow rate of 1 mL/min.
A mobile phase of water with 0.1% TFA was used. Sample elution was monitored using a UV-VIS
detector operating at 214, 240 and 260 nm. The peptide crude was found to be over 90% pure,
hence no further purification steps were taken.
RFFFR peptide solution preparation. All protein solutions were prepared in 1x PBS buffer
with pH 7.4. The exact concentrations were determined by lambert-beers law using a thermo sci-
entific UV-VIS spectrophotometer (VWK International UV1 v4.60, West Chester, PA). As RFFFR
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contains no amino acids suitable for absorption of 280 nm light, the recently developed proto-
col for concentration determination by absorption of 205 nm light86, was used with a calculated
ε205 = 39620M−1cm−1.
Atomic force microscopy. AFM imaging of the untanglement of the RFFFR fibers were done at
different time intervals (0min, 30min, 60min, 120min and 240min) after a 10 mM peptide solution
in 1x PBS buffer (stored over night at room temperature) was diluted to 1mM peptide concentra-
tion. 30 µL solution of the diluted stock solution was placed on a freshly cleaved mica surface
at the above specified time intervals and incubated for 10 min. After incubation, the mica surface
was rinsed in 1 mL milliQ water three times before it was blow dried under a stream of dry nitro-
gen. The AFM measurements were performed with a Ntegra Aura (NT-MDT, Zelenograd, Russia)
operating in tapping mode using OMCL-AC240TS cantilevers (Olympus, Japan). The data were
analyzed using freeware image processing software Gwyddion.
Thioflavin T fluorescence and fluorescence anisotropy spectroscopy. Fluorescence characteri-
zation of the ThT binding to RFFFR fiber spheres was carried out using a RTC 2000 PTI spectroflu-
orimeter (PTI photon technology international, New Jersey, USA) at room temperature. Spectra
in the range of 390-460 nm and 460-520 nm were acquired with an excitation of 353 and 440 nm,
respectively, from 36 µM ThT in 1x PBS buffer and 36 µM ThT incubated with 10 mM RFFFR
for 1h in 1x PBS buffer.
The same 10 mM peptide stock solution (stored over night at room temperature) that was
diluted to 1 mM, used for the AFM measurements, was used to measure fluorescence anisotropy
over time. Phenylalanine residues in RFFFR were used as fluorescent probe and an excitation and
emission maxima of 260 and 284 nm were determined and used, respectively. A RTC 2000 PTI
spectrofluorimeter in a L-shaped configuration with motorized polarizers was used to record the
G-factor and subsequent anisotropy with 3 min intervals for 195 min at room temperature. The
G-factor measurements lasted 10 sec each and the anisotropy measurements lasted 20 sec each.
When measurements were not performed, the beam was blanked. The anisotropy calculations
were performed in the PTI FeliX32 software using the formula:
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where G is the correction factor:
G = IHVIHH
Both experiments used slit widths of 5 nm and a quartz cuvette with path length of 0.2 cm.
Circular dichroism spectroscopy. CD spectra were obtained of a peptide stock solution diluted
to specific peptide concentrations (1 mM, 2 mM, 3 mM, 4 mM, 6 mM, 8 mM, 10 mM and 12mM)
in 1x PBS buffer and stored over night at room temperature before the measurements using a J-715
spectropolarimeter (Jasco Inc, Pennsylvania, USA). Spectra were recorded from 190 to 250 nm
with 1 nm step, 1nm bandwidth and 2 sec collection time per step, taking 20 averages at room
temperature. A 0.1 mm quartz cuvette was used.
Kelvin-Probe force microscopy. KPFM was used to generate a two-dimensional surface poten-
tial map of fibers entangled into spheres and adsorbed onto a 40 nm thick gold film. The substrates
were prepared by sputter coating of 40 nm gold onto a Si wafer and the fiber/spheres were adsorbed
on the substrate by incubating 50 µL of 25 mM peptide solution in 1x PBS buffer on the surface for
1 hour. The samples were investigated using an Ntegra Aura setup (NT-MDT, Zelenograd, Russia)
in Kelvin Probe mode and Platinum-Iridium coated NSG01/Pt cantilevers (NT-MDT, Zelenograd,
Russia). The sample was mounted on a sample holder with a metal spring in order to electrically
connect the sample surface to the AFM ground, which is required for KPFM measurements. The
measurements were carried out in a two-pass lift mode, where every line is scanned twice. In the
first pass the topography of the sample is measured in AFM mode. In the second pass the recorded
topography is used to keep the cantilever tip at a fixed predefined distance of 10 nm to the sample,
while measuring the surface potential.
Scanning electron microscopy. SEM measurements were done at high vacuum (1 ·10−6 mbar)
and an electron high tension of 15 kV using a Zeiss 1540XB system (Carl Zeiss, Jena, Germany)
and standard procedure. The substrates were prepared by sputter coating of 40 nm gold onto a Si
wafer and the fiber/spheres were adsorbed on the substrate by diluting a 25 mM peptide solution
in 1x PBS buffer to 1 mM incubating 50 µL of the diluted solution on the surface for 15 min.
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